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SEEP  FINAL  REPORT 

I.  OBJECTIVES  OF  THE  SEEP  PROGRAM 

The  SEEP  (Stimulated  Emission  of  Energetic  Particles)  program  had 
important  military  and  scientific  objectives.  These  are  summarized  as  follows: 

Military : 

o  Investigate  the  potential  of  controlled,  transmitter-stimulated 

wave-particle  interactions  in  the  magnetosphere  as  techniques  for: 

(1)  Degrading/ blacking  out  critical  U.S.  Navy  Communication  and 
Navigation  Links  Operating  at  HF,  VLF  and  ELF  through  the  selective 
precipitation  of  energetic  electrons  from  the  earth's  radiation  belts. 

(2)  Jamming  of  VLF  commnunicat ions  with  ground-or  satellite-based  VLF 
transmitter  signals  that  are  amplified  in  the  magnetosphere. 

(3)  Depleting  the  intense  trapped  radiation  belts  created  by  a  high 
altitude  nuclear  burst . 

Scientific : 

o  Test  the  theory  predicting  that  ground-based  VLF  transmissions  can 

precipitate  radiation  belt  particles  into  the  ionosphere/atmosphere, 
o  Establish  experimentally  the  detailed  relationship  between  ground-based 

VLF  transmitter  activity  (i.e.  operating  frequency,  signal  strength, 
pulse  duration  and  duty  cycle)  and  the  characteristics  of  the  resulting 
precipitation  (intensity,  energy  and  pitch  angle  distribution). 

The  experiment  concept  is  illustrated  schematically  in  Figure  1.  The 
locations  of  the  VLF  transmitters  are  indicated  along  with  a  representation  of 
the  satellite  paths  during  three  successive  passes.  In  addition,  the 
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modulated  VLF  waves  and  their  regions  of  interaction  with  the  trapped 


electrons  are  also  shown. 


HISTORY  OF  THE  SEEP  PROGRAM 


The  SEEP  experiment  was  conducted  on  the  S81-1  spacecraft.  The  history 


of  the  program  is  briefly  summarized  as  follows : 


Early  77 
Mid  7  7 
Aug  7  7 
Nov  7  7 
Oct  78 
May  79 
Aug  79 
Sept  79 


Oct  79 
Jan  80 
Feb  80 


July  80 
Oct  80 
Dec  80 
Feb  81 
Apr  81 


May  81 
July  81 
Aug  81 
Sept  81 
Oct  81 
Nov  81 
Dec  81 
Jan  82 
May  82 
May-Dec  82 
82-87 


SEEP  experiment  proposed 
Designated  0NR-804 
Rated  category  1  by  USN 
Rated  category  1  by  D0D 
SEEP  study  initiated 

Piggy-back  flight  opportunity  identified 
USAF  STP  recommended  merger  with  ONR-602 

S81-1  mission  combining  0NR-804  and  ONR-602  approved;  flight 
assigned;  design  phase  initiated 
Integration  go-ahead  through  HVIC  (ECP  142) 

S81-1  design  review  conducted;  fabrication  phase  initiated 
Interface  control  document  with  0NR-602  and  with  host  vehicle 
signed 

Integration  and  test  phase  initiated 
HV  interface  verified  at  module  test  lab 
EMC  test  with  HV  completed 

Box-level  environmental  test  program  completed 

Acceptance  testing  of  integrated  payload  completed  (thermal-vacuum 
and  acoustic  vibration) 

Payload  placed  in  storage,  instruments  returned  to  investigators 

EFROP  approved 

Acceptance  review  conducted 

Payload  taken  out  of  storage 

Reintegration  of  instruments 

Integrated  pallet  tests 

Call-up  readiness  review 

Payload  delivery 

Launch  activities  completed 

On-orbit  operations 

Data  analysis  and  interpretation 
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III.  INSTRUMENT  DEVELOPMENT 


In  order  to  investigate  the  relationship  between  radio  waves  from  high 
power  VLF  transmitters  and  energetic  particles  in  the  magnetosphere,  the 
intensities,  energy  spectra  and  pitch  angle  distributions  of  electrons  over  a 
wide  range  of  energies  were  measured  in  the  vicinity  of  several  transmitters. 
Both  electrons  and  ions  were  measured  with  an  array  of  charged  particle 
detectors  that  were  developed  specifically  to  achieve  a  high  sensitivity.  The 
characteristics  of  these  detectors  are  summarized  in  Table  1. 

Since  electrons  may  be  precipitated  by  VLF  transmitters  in  narrow  ducted 
regions  over  a  large  area  it  was  considered  important  to  detect  electron 
precipitation  by  remote  sensing  techniques.  For  this  purpose  an  airglow 
photometer  was  flown  to  sense  emissions  from  the  atmosphere  at  391.4  nm  and  at 
630  nm.  In  addition,  an  x-ray  imaging  spectrometer  (XRIS)  was  included  in  the 
payload  to  map  the  production  of  bremsstrahlung  x-rays  (4  to  40  keV)  by 
electrons  precipitating  into  the  atmosphere.  Some  of  the  key  specifications 
of  these  instruments  are  listed  in  Table  1.  A  photograph  of  the  instruments 
mounted  on  the  payload  pallet  is  provided  in  Figure  2. 

Arrangements  were  made  to  modulate  the  U.  S.  Navy  operational  VLF 
transmitters  at  Cutler,  Maine  (NAA),  Annapolis,  Maryland  (NSS);  and  Jim  Creek, 
Washington  (NLK)  and  the  Stanford  University  research  VLF  transmitter  at  Siple 
Station,  Antarctica  in  special  controlled  formats.  These  formats  were 
operated  at  the  times  of  overpass  of  the  S81-1  satellite. 

More  detailed  descriptions  of  these  instruments  are  provided  in  the 
various  reprints  included  in  this  report. 


TABLE  I 
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IV.  ON-ORBIT  OPERATIONS 


Soon  after  launch,  the  SEEP  payload  checkout  was  completed  without 
problems,  and  the  payload  continued  to  perform  very  well  on-orbit.  During 
much  of  the  time  from  May  until  early  December  1982,  the  data  coverage  was 
maintained  at  about  70  percent,  in  accordance  with  the  available  power  and  the 
recorder  read-in  constraints.  All  temperatures  were  within  specif icat ions , 
and  all  orbital  transients  matched  the  expected  values. 

All  of  the  instruments  in  the  SEEP  payload  checked  out  as  planned.  The 
particle  spectrometers  performed  well  and  returned  excellent  data.  The 
airglow  photometer  also  operated  well.  The  XRIS  spectrometer  provided 
positional  mapping  information  only  from  May  until  July  1,  1982,  but  after  the 

latter  date  it  continued  to  provide  good  counting  rate  and  spectral  data 
throughout  the  mission. 

IXiring  passes  of  the  SEEP  payload  over  the  U.S.  Navy  VLF  transmitters  the 
transmitters  were  typically  run  in  one  of  ten  selectable  formats  for  on-off 
operation.  These  formats  are  indicated  in  Figure  3.  The  output  signals  were 
received  and  monitored  at  the  Lockheed  Palo  Alto  Research  Laboratory. 

V.  ANALYSES  AND  INTERPRETATIONS  OF  THE  FLIGHT  DATA 

The  primary  objective  of  the  SEEP  mission  was  accomplished  by  achieving 
the  first  direct  measurements  of  electron  precipitation  by  the  controlled  wave 
modulation  of  a  VLF  transmitter.  In  addition,  the  precipitation  of  electrons 
by  VLF  waves  associated  with  lightning  was  measured  for  the  first  time  from  a 
satellite.  The  accomplishments  are  briefly  described  below  and  reprints  of 
published  articles  describing  the  findings  are  provided  in  section  XI.  With 


the  SEEP  data  many  other  important  findings  have  been  made.  These  include  the 
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following:  1)  an  assessment  was  made  of  the  relative  contributions  of  hiss, 

lightning  and  VLF  transmitter  waves  to  electron  precipitation  from  the  slot 

region  (2  L  3.5)  2)  discovery  of  the  frequent  occurrence  of  multiple  peaks 

in  the  energy  spectra  of  electrons  trapped  at  low  altitudes,  3)  observation  of 

electron  pulsations  near  the  trapping  boundary  and  4)  discovery  of 

bremsstrahlung  x-ray  images  of  small  isolated  patches  of  energetic  electron 
precipitation  at  high  latitude. 

A  good  example  of  electron  flux  modulations  in  correlation  with  the 
transmitter  on-off  signals  occurred  on  August  17,  1982  at  8680-8740  seconds  UT 
when  the  SEEP  payload  was  passing  near  the  NAA  transmitter  as  it  was  being 
modulated  with  a  3-s  on  and  2-s  off  pattern.  In  Figure  4,  the  electron  fluxes 
measured  at  various  zenith  angles  are  plotted  as  a  function  of  time.  A 
modulation  period  of  5  +  0. 1  s  is  clearly  seen  for  12  consecutive  cycles.  For 
reference,  the  measured  on  times  of  the  transmitter  at  NAA  are  indicated.  The 
risetime  of  the  electron  flux  and  the  observed  delay  in  decay  time  of  "1.5  s 
are  now  understood  [ Inan  et  al .  ,  1985]  in  terms  of  the  pitch  angle  dependence 
of  the  particle  distribution  near  the  edge  of  the  loss  cone  and  by  the 
multiple  interaction  of  the  particles  with  the  waves  due  to  significant 
atmospheric  backscatter. 

From  surveys  of  the  SEEP  data  five  electron  modulation  events  were  found 
from  the  65  passes  of  the  satellite  when  one  of  the  transmitters  was  being 

modulated  in  a  special  3-s  on  and  2-s  off  format.  No  such  events  were  found 

in  the  175  passes  when  neither  the  NAA  nor  the  NSS  transmitter  was  being 
modulated  in  one  of  the  special  SEEP  formats.  All  of  the  time  profiles  for 
the  events  displayed  a  similar  pattern  in  which  the  fluxes  increased  rather 
slowly  after  start  of  the  on  period  and  reached  a  maximum  about  2  s  later. 

The  temporal  profile  and  the  absolute  counting  rates  of  the  observed  fluxes 
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were  found  to  be  in  good  agreement  with  the  predictions  of  an  extended  test 
particle  model  of  the  wave-particle  interaction  in  the  magnetosphere  [ Inan  et 
al.,  1985]. 

For  the  first  time  measurements  were  made  of  the  intensities  and  energy 
spectra  of  electrons  precipitated  by  the  VLF  radiation  from  lightning.  Seven 
lightning-induced  electron  precipitation  (LEP)  events  recorded  on  9  September 
1982  with  the  SEEP  experiment  are  shown  in  Figure  5.  In  the  strong  LEP  events 
A,  D,  and  E,  electron  fluxes  are  observed  to  increase  rapidly  in  strength, 
about  100  times  background  in  less  than  0.2  second.  The  observations  of  LEP 
events  have  provided  direct  evidence  of  an  important  coupling  mechanism 
between  terrestrial  lightning  and  relativistic  radiation  belt  electron 
precipitation.  An  energy  versus  time  spectrogram  of  these  events  was 
published  on  the  cover  of  Nature  magazine  and  is  provided  in  Figure  6.  Since 
initial  discovery  of  these  events  approximately  200  short  duration  electron 
precipitation  bursts,  many  very  similar  in  characterise ic  to  the  9  September 
1982  LEP  events,  have  been  and  are  still  being  studied. 

Examples  of  the  bremsstrahlung  x-ray  images  obtained  at  high  latitudes 
are  shown  in  Figure  7.  Some  of  the  stronger  arc  shaped  images  are  provided  in 
Figure  8.  During  certain  passes  of  the  S81-1  satellite,  as  illustrated  in 
Figure  9,  isolated  patches  of  x-rays  were  observed  poleward  of  the  auroral 
zone.  Other  examples  of  these  patches  are  shown  in  Figure  10. 

The  frequent  occurrence  of  multiple  peaks  in  the  energy  spectra  of 
electrons  trapped  at  low  altitudes  is  illustrated  in  Figure  11.  Here  is  shown 
an  energy-time  spectrogram  of  electrons  obtained  during  a  portion  of  one  orbit 
of  the  S 8 1  —  l  satellite. 

The  above  examples  of  the  SEEP  data  are  discussed  in  much  more  detail  in 


section  XI 
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VII.  FIGURE  CAPTIONS 


Figure  I. 


Figure  2. 

Figure  3. 
Figure  4. 

Figure  5. 


Figure  6. 


Figure  7. 


Figure  8. 


Schematic  illustration  of  the  SEEP  experiment  concept.  The 
locations  of  the  pertinent  VLF  transmitters  are  indicated  along  with 
a  representation  of  the  satellite  paths  during  three  successive 
passes.  Also  shown  are  modulated  VLF  waves  and  the  region  of 
wave-particle  interactions. 

Ftiotograph  of  the  SEEP  instruments  mounted  on  the  S81-1  payload 
pallet  . 

The  ten  selectable  formats  for  operation  of  U.  S.  Navy  transmitters. 
Electron  fluxes  on  August  1  7,  1982  plotted  as  a  function  of  time. 

Also  shown  are  the  ON  and  OFF  times  of  the  NAA  transmitter. 

Energetic  electron  measurements  obtained  with  the  SEEP  payload  on  9 
September  1982  are  correlated  one-to-one  with  concurrent 
ground-based  VLF  whistlers  at  Palmer  Station,  Antarctica.  The 
uppermost  insets  show  the  Palmer  VLF  data  with  an  expanded  time 
scale  for  the  seven  lightning-induced  electron  precipitation  events. 
An  energy-time  spectrogram  of  1 ight n ing- ind uc ed  electron 
precipitation  from  the  radiation  belts,  as  observed  in  the  SEEP 
payload  on  the  S81-1  satellite.  The  color  scale  indicates  the 
electron  flux,  with  red  being  most  intense,  and  the  vertical  and 
horizontal  axes  represent  energy  and  time,  respectively. 

Six  different  x-ray  images  acquired  at  high  latitudes  with  the  SEEP 
payload  . 

Some  arc-shaped  images  measured  at  high  latitudes  with  the  SEEP 


payload . 
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Figure  9.  The  x-ray  image  obtained  during  a  pass  of  the  SEEP  payload  across 
the  southern  polar  region.  An  isolated  x-ray  patch  is  evident  at 
about  a  third  of  the  distance  from  the  right  hand  edge  of  the  image. 
Figure  10.  Mappings  of  the  x-ray  intensities  (4-40  keV)  observed  at  high 


latitudes.  In  each  of  these  images  an  isolated  x-ray  patch  is 
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IX.  SUMMARY  OF  SEEP  PUBLICATIONS 


Papers  given  at  AGU  meeting :  35 

Papers  given  at  other  meeting:  20 
Publication  in  JGR:  6 
Publications  in  IEEE:  4 
Publications  in  GRL:  2 
Publications  in  COSPAR  proceedings:  2 
Publication  in  Radioscience:  1 
Publication  in  Nature:  1 
Publication  on  cover  of  Nature:  1 
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Satellite  and  Ground-Based  Transmitters 


W.  L.  IHPOP,  J.  *.  RAACAH,  U.  0.  VOSS,  and  E.  E. 
CAtKES  (all  at  Lockheed  Palo  Alto  Research 
Laboratory,  1251  Hanover  Street,  Building 
255,  Palo  Alto,  Californio  9*30*) 

I.  A.  HELLIWELL,  0.  S.  IMAM,  and  J.  P. 

RATSUFRAKIS  (all  at  Stanford  Doiveralty, 
Calif.  9*305) 

a.  C.  JOINER  (The  Cfflce  of  Raeal  Reaearch, 

Aril  oft  ton,  Virginia  22212) 


An  active  wave-particle  experiment  la 
achedulcd  to  begin  in  I9A2  to  InveatiRate  the 
effecta  of  ground-baaed  VLP  transmitters  on  the 
precipitation  of  energetic  electrona  from  the 
aagnetoaphere  into  the  upper  atmosphere/looo- 
aphere  system.  The  Stimulated  Ealaalon  of 
Energetic  Partlclce  Experiment  (SEEP)  Involves  a 

lov-eltitude  satellite  payload  with  an  array  of 
cooled  silicon  solid  etate  detectors  to  measure 
precipitated  electrons  >  2  keV  directly,  on 
Imaging  x-ray  proportional  counter  to  map 
bremastrshlung  x-rays  (>  3  keV)  and  an  alrRlow 
photometer  to  measure  optical  emissions,  for 
the  first  time,  high  seesltlvity  measurements  of 
precipitating  electrons  will  be  performed  In 
coordination  with  the  progressed  modulation  of 
selected  0.  S.  Navy  VLP  transmitters  and  the 
research  VLP  transmitter  operated  by  Stanford 
University  at  Slple  Station  Antarctica  In 
characteristic  patterns  so  as  to  provide  a 
unique  correlation  capability  for  cause  end 
effect  studies.  The  VLP  data  will  be  recorded 
at  various  ground  stations  and  on  satellites 
containing  VLP  receivers.  The  coordinated 
satellite-transmitter  operations  will  be 
reviewed  with  respect  to  the  sensitivities  for 
detecting  wave-particle  Interact  Ions ,  and 
avalK'jle  preliminary  data  presented.  The 
possibilities  for  other  coordinated  ground- 
based,  balloon,  rocket  and  sstelllte  measure¬ 
ments  of  waves  and  particles  will  also  be 
discussed  and  encouraged. 


EOS  Vo  1 .  63  #18,  p.404,  May  4,  1982 
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The  Phenomenology  of  Energetic  Particle  Precipi¬ 
tation  In  the  Hagnetosphere 

J.  B.  RE A CAN 

U.  L.  1MH0F  (both  at  Lockheed  Palo  Alto  Research 
Laboratory,  3251  Hanover  Street,  Bldg-  255,  Palo 
Alto,  California,  94304) 

The  phenomenology  of  energetic  particle 
precipitation  within  the  Magnetosphere  will  be 
reviewed.  Our  present  knowledge  of  the  features 
of  the  precipitation  at  a  function  of  latitude, 
longitude,  local  tlae,  and  Magnetic  activity 
will  be  discussed.  The  distinctions  between 
bounce  and  drift  loss  cone  precipitation  will  be 
highlighted.  The  role  of  natural  and  man-made 
waves  In  the  precipitation  processes  will  be 
emphasised.  The  occurrence  frequency  and 
duration  of  events,  including  transient  phe¬ 
nomena,  will  be  discussed  In  terns  of  their 
inpact  on  the  atnospherlc/lonospherlc  systen. 
The  knovn  effects  of  these  precipitations  on  the 
neutral,  looited,  and  electrical  components  of 
the  atsMsphere/lonosphere  will  be  summarized. 
The  limitations  of  our  current  knowledge  will  be 
delineated  and  approaches  to  overcoislng  these 
limitations  will  be  proposed. 


EOS  Vol  63  #18,  p . 402 ,  May  4,  1982 
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J.  B.  REAGAN 

W.  L.  IMHOF  (both  at  Lockheed  Palo  Alto  Research 
Laboratory,  3251  Hanover  Street,  Bldg.  255,  Palo 
Alto,  California,  94304) 


The  phenomenology  of  energetic  particle 
precipitation  within  the  magnetosphere  will  be 
reviewed.  Our  present  knowledge  of  the  features 
of  the  precipitation  aa  a  function  of  latitude, 
longitude,  local  time,  and  magnetic  activity 
will  be  discussed .  The  distinctions  between 
bounce  and  drift  loss  cone  precipitation  will  be 
highlighted.  The  role  of  natural  and  man-made 
waves  in  the  precipitation  processes  will  be 
emphasized.  The  occurrence  frequency  and 
duration  of  eventa,  including  transient  phe¬ 
nomena,  will  be  discussed  in  terms  of  their 
Impact  on  the  atmospheric/ionospheric  system. 
The  known  effects  of  these  precipitations  on  the 
neutral,  Ionized,  and  electrical  components  of 
the  atmosphere/ Ionosphere  will  he  surnmarl rpd . 
The  limitations  of  our  current  knowledge  will  he 
delineated  and  approaches  to  overcoming  these 
limitations  will  be  proposed. 


EOS  Vol.  63  It 8,  p.  402  May  4,  1982 


e.  E.  CA1W1S,  W.  L.  IMJOP,  J.  >.  UUC AM  and  H.  D. 

VOSS  (Lockheed  Palo  Alto  teaearcb  Laboratory, 

Palo  Alto,  Calif.  9*504) 

Peak*  la  the  energy  spectra  of  Inner  belt 
eiectrono  In  the  drift  loaa  cone  have  been  shown 
to  be  consistent  with  cyclotron  reaonance 
interactions  with  narrow  band  waves  f  r  ext  VLP 
transmitters  (Iabof  et  el.,  JCt,  86,  11225, 

1981).  Kacant  Measurements  with  a  very  high 
resolution  spcctroaeter  on  board  the  S81-1 
spacecraft  have  extended  the  measurement  of  these 
L -dependent  peak*  to  lowet  energies  (“10  keV)  and 
with  better  resolution  ({  2  keV  PWllM)  than 
previous  studies.  These  new  data  reveal  peaks 
with  resolutions  as  narrow  as  15  keV  FVHH  placing 
even  more  stringent  limitations  on  the  region 
along  the  field  line  in  which  the  wave-particle 
interactions  smat  take  place.  The  peaks  have 
been  followed  to  higher  L  shell  values  with 
correspondingly  lower  energies  than  was  pre¬ 
viously  possible.  On  occasion  the  peaks  rapidly 
decrease  In  amplitude  at  the  higher  L  values. 
Kapresentatlve  spectra  and  the  L  shell  dependence 
of  the  peaks  will  be  presented  along  with 
evaluations  of  the  wave-particle  interaction 
region  restrictions  and  possible  VLF  wave 
sources. 


EOS  Vol .  63  04 5,  p.1072,  November  9,  1982 
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The  Effects  of  Modulated  VLF  Transmitters  on  the 
Precipitation  of  Energetic  Electron*  from  the 
Outer  Radiation  Belt 

W.  L.  IMHOf.  J.  B.  REAGAN ,  E.  E.  GAIKES,  H.  D. 
VOSS,  D.  V.  DATLOVE  and  J.  HOBILIA  (Lockheed 
Palo  Alto  Research  Laboratory,  Palo  Alto, 
Calif.  9430*) 

K.  A.  HBLLIVELL,  U.  S.  INAN  and  J.  P.  RATSUFRAXIS 
(Radloaclence  Laboratory,  Stanford  University, 
Stanford ,  Calif.  9430S) 

Proa  the  SEEP  payload  on  th*  S81-1  ■  pace- 
craft  an  lnvestlgstion  la  being  aade  of  the 
precipitation  of  energetic  electron*  Induced  by 
VLF  wave*  generated  fron  U.S.  Navy  and  Slple  VLF 
tranrnl ttera .  The  tranaaltter*  at  Annapolla, 
Maryland  (21.4  kHz),  at  Cutler,  Maine  (17.8  kHz), 
and  at  Jla  Creek,  Washington  (24.8  kHz),  are 
aodulated  at  aelected  tinea  vlth  characteristic 
pattern*  which  are  searched  for  In  th*  aatalllte 
data.  The  satellite  aeasurea  both  direct  elec** 
tron  precipitation  down  to  energie*  of  ”  2  keV 
and  breaaatrahlung  x-ray*  froa  the  atmosphere. 
Electron  bursts  have  been  observed  over  a  range 
of  L  values  down  to  the  inner  belt  and  with 
period*  In  the  few  second  range.  Some  of  these 
events  originate  In  natural  nicrobursts,  but 
periodic  pulses  of  precipitating  electrons  have 
been  seen  during  satellite  passes  over 
tranaaltter  sites.  These  data  have  been  analysed 
to  separate  natural  events  from  Induced  preci¬ 
pitation. 
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J.  8.  REAGAN  and  W.  L.  IMHOF  (Space  Sciences 
Laboratory,  Lockheed  Palo  Alto  Reaearch 
Laboratory,  Palo  Alto,  California  94304 
1.  A.  HELL1WELL,  U.  S.  I  NAN,  and  J.  KATSUFRAKIS 
(Radloaciencea  Laboratory,  Stanford  Unl- 
veralty ,  Stanford,  California  94305) 

I.  C.  JOINER  (Office  of  Naval  Reaearch, 
Arlington,  Virginia  22217) 

Since  Nay  1982  an  experiment  hae  been 
conducted  to  atlaulate  the  precipitation  of 
energetic  electrooa  froa  the  nagnetoaphere  Into 
the  atmosphere  through  reaonant  wave-particle- 
Interactlon  proceaaea.  The  U.  S.  Navy  opera- 
tlonal  VLF  trananlttera  at  Cutler,  Maine, 
Annapolis,  Kd . ,  and  Seattle,  Wash.  have  bean 
operated  in  pulsed  CV  node  a  at  the  tlaei  of 
overpasses  of  the  lov-altltode  polar-orbit log 
satellite  S81-1.  The  Stanford  Univ.  VLF  trane- 
alttera  at  Slple,  Antarctica  has  alao  been 
operated  in  pulsed  node  at  the  t  lee  of  the 

satellite  overpasses.  Aboard  the  satellite  are 
cooled  silicon  detectors  having  very  high  sensi¬ 
tivity  for  the  detection  of  electrons  In  the  2  to 
2000  keV  energy  range  as  veil  as  an  optical 
photoneter  and  an  x-ray  laager  that  view  the 
ataosphere.  Waves  from  the  transmitters  are 

aeasured  at  several  points  In  the  earth's  Ionos¬ 
pheric  wave  guide  as  well  as  In  the  magnetosphere 
by  satellites.  The  objective  of  the  experiment 
Is  to  uniquely  identify  the  characteristic  bursts 
of  electrons  In  the  direct  and  bounce  loss  cones 
associated  with  the  nodulated  VLF  waves.  The 

details  of  the  various  experimental  elements  will 
be  described  along  with  some  of  the  results 

obtained  to  date. 


EOS  VoL.  63  #45,  p.L07l,  November  9,  1982 


H.  D.  VOSS,  W.  L.  IMHOP,  J.  B.  REAGAN,  E.  E. 

CAINES,  S.  8.  HENDE,  R.  R.  VONDRAK,  D.  V. 

DATLOVE  and  J.  MOBILIA  (Lockheed  Palo  Alto 

Research  Laboratory,  Palo  Alto,  Calif.  9*304) 

Unique  instruaentat ton  onboard  the  S8I-I  low 
altitude  (170-250  km)  satellite  la  being  used  to 
comprehensively  analyze  nuaerous  energetic 
particle  precipitation  events.  High  resolution 
(1  keV  FVHH)  in  situ  measurements  of  energetic 
particles  are  being  gade  with  an  array  of 
passively  cooled  (150  K)  silicon  solid  stat^ 
detectors  (geometrical  factors  of  0.2  to  0.6  cm 
ater)  which  are  sensitive  to  electrons  (E  i  2 
keV)  and  ions  (E  i  15  keV).  Remote  sensing  of 
this  precipitation  is  accomplished  using  a  16 
pixel  wide  lagging  proportional  counter  to  sup 
bremsatrahlung  *-raye  ( 3  <  E  <  30  keV)  in  concert 
with  a  quadrant  alrglow  photometer  sensitive  to 
391. 4  nm  (0.8  and  2. A  am  PVHH)  and  630  nss  (1.2  nm 
FVHH)  wavelengths.  Examples  are  given 
illustrating  the  advantages  of  simultaneous 
remote  and  in  situ  measurements  of  energetic 
particle  precipitation  on  a  global  basis  during 
relatively  quiet  and  disturbed  conditions  (l.e. 
middle  and  low  latitude  precipitation  and  various 
auroral  features).  Details  of  the  orbital  data 
base  coverage  are  presented  with  considerations 
for  possible  coordinated  analysis  with  ground 
based  and  satellite  measurements. 
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COORDINATED  SATELLITE  MEASUREMENTS  OF  PARTICLE  PRECIPITATION 
DURING  THE  STORM  OF  JULY  13,  1982 


W-  L.  IMHOF,  J.  B.  Reagan,  H.  D-  Voss,  E.  E.  Gaines,  and 
J-  Mobilia  (Space  Sciences  Laboratory, 

Lockheed  Palo  Alto  Research  Laboratory,  Palo  Alto,  CA  94309) 


During  the  major  magnetic  storm  of  July  13,  1982  and  the  associated  solar  particle 
event,  high  fluxes  of  precipitating  particles  were  measured  with  an  array  of  spectrometers 
on  three  low  altitude  polar-orbiting  satellites  in  different  local  TIME  REGIMES;  P72- 1  (4 
am  -  4  pm),  P78-1  (noon  -  midnight)  and  S8 1  - 1  (10:30  am  -  10:30  pm)  in  the  U.  S.  Air  Force 
Test  Program,  In  addition  to  a  variety  of  electron/proton  spectrometers  on  all  three 
vehicles,  bremsstrahlung  x-ray  detectors  were  placed  on  the  latter  two  satellites  and  an 

AIRGLOW  PHOTOMETER  WAS  CONTAINED  IN  THE  SEEP  PAYLOAD  ON  THE  S8 1 “ 1  SPACECRAFT-  LARGE 
FLUXES  OF  PRECIPITATING  ENERGETIC  PROTONS  WERE  MEASURED  OVER  THE  POLAR  CAP  IN  ADDITION  TO 
HIGH  FLUXES  OF  ELECTRONS  THAT  WERE  PRECIPITATING  AT  LOWER  LATITUDES.  INSTANTANEOUS  LOCAL 
TIME  DISTRIBUTIONS  IN  THE  ELECTRON  PRECIPITATION  OVER  A  BROAD  INTERVAL  WERE  OBTAINED  FROM 
THE  X-RAY  DETECTORS  ON  P  78“  1  -  T  HE  TRAPPING  BOUNDARY  LOCATIONS  AND  THEIR  RELATIONSHIP  TO 
THE  SOLAR  PART  I CVE  CUTOFFS  WERE  ALSO  MEASURED  AND  WILL  BE  REPORTED  IN  ADDITION  TO  THE 
ENERGY  SPECTRA  AND  SPATIAL  DISTRIBUTION  OF  PRECIPITATING  ELECTRONS- 
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H.  D.  VOSS,  W.  L.  1MHOP,  J.  B.  REACAN,  and 

E.  E.  CAINES  (Lockheed  Palo  Alto  Research 
Laboratory,  Palo  Alto,  Calif.  94304) 


Unique  instrumentation  on  board  the  stabilized 
S81-1  low  altitude  (“  200  km)  satellite  is  being 
used  ’to  comprehensively  analyze  numerous  VLF 
associated  natural  and  man-made  particle 
precipitatoa  events.  High  resolution  electron 
measurements  (1  keV  FWHM,  E  >  2  keV)  are  being  made 
of  these  events  with  an  array  of  passively  cooled 
(150  K)  silicon  solid  st|te  detectors  (geometrical 
factors  of  0.2  to  0.6  cin  ster).  The  accompanying 
multidetector-multichannel  pulse  height  analyzer 
features  controllable  energy  (16  to  256  channels) 
and  time  resolution  (60  to  1000  ms)  for  detailed 
Investigation  of  the  time-energy  dispersion 
mlcrophyaics .  Based  on  an  observed  spectral 
succession  of  an  individual  pulse  t he  gyroreBonant 
wave-particle  Interaction  region  is  remotely 
sensed.  These  measurements  are  compared  with 
theoretical  predictions.  Details  of  the  orbital 
data  base  coverage  are  presented  with  consideration 
for  possible  coordinated  analysis. 


Chapman  Conference  on  "Waves  in  Magnetospheric 
Plasjnas"  1983 
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Coordinated  Measurements  of  Auroral  Zone  X-rays 
Iron  Two  Satellites 

D.  W.  DATLOWE,  (Lockheed  Palo  Alto  Research 
Laboratory,  Palo  Alto,  CA  94304),  W.  L.  IMHOF, 
H.  D.  VOSS,  J.  R.  KILNER,  J.  M0B1L1A,  and  J. 
B.  REAGAN 

W.  CALVERT,  (University  of  Iowa,  Iowa  City,  Iowa 
52243) 

We  report  on  studies  of  the  spatial 
distribution  of  X-ray  emission  from  the  Auroral 
zone  during  geomagnetically  disturbed  times.  The 
coordinated  observations  come  from  two  low 
altitude  polar  orbiting  satellites,  P78-1  and 
S81-1.  P78-1  contains  six  collimated  Cadmium 
Telluride  spectrometers  with  21  keV  thresholds. 
The  detector  fields  of  view  are  at  selected 
angles  with  respect  to  the  satellite  spin  axis. 
At  the  ”  600  km  altitude  of  the  satellite  the 
field  of  view  circle  has  a  radius  of  “  3000  km. 
The  S81-1  satellite  contains  a  position  sensitive 
proportional  counter  with  a  4  keV  threshold.  The 
satellite  is  3-axis  stabilized  and  at  the  ~  220 
km  altitude  of  observation  each  pixel  covers  a 
spatial  extent  of  ~  30  km.  Spatially  resolved 
data  from  these  instruments  give  a  picture  of  the 
distribution  of  bremsstahlung  emitting  electrons. 
Distributions  of  electron  precipitation  in 
magnetic  local  time  during  major  events  in  June, 
1982,  will  be  presented. 
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A  Statistical  Study  of  Modulated  Electron 
-Precipitation  Events  Induced  by  Controlled 
Signals  from  VLF  Transmitters 

W.  L.  1MH0F ,  (Lockheed  Palo  Alto  Research 

Laboratory,  Palo  Alto,  CA  94304),  J,  B. 

REAGAN,  B.  D.  VOSS,  E.  E.  GAINES,  D.  W. 

„  DATLOWE,  J.  MOB ILIA 

R.  A.  HELLIWELL,  (Stanford  University),  U.  S. 

INAN,  J.  KATSUFRAK1S 

R.  G.  JOINER,  (Office  of  Naval  Research) 

The  first  direct  observation  of  the 
precipitation  of  radiation  belt  electrons  by  the 
controlled  Injection  of  VLF  signals  from  a 
ground-based  transmitter  was  recently  reported 
from  data  in  the  SEEP  (Stimulated  Emission  of 
Energetic  Particles)  experiment  (Imhof  et  al., 
GRL,  1983).  Subsequently,  more  examples  of 
time-correlated  wave  and  electron  data  have  been 
found  in  the  data  set  taken  during  many  passes  of 
the  low  altitude  satellite  S81-1  over  one  of  the 
U.  S.  Navy  VLF  transmitters  at  Cutler,  Maine, 
Annapolis,  Maryland,  and  at  Jim  Creek,  Washington 
when  it  vaE  being  modulated  in  a  3s  0N/2s  OFF 
format.  In  several  events  the  fluxes  of 
precipitating  electrons  displayed  a  similar  time 
behavior  with  respect  to  the  transmitter 
modulation:  a  relatively  slow  rate  of  increase 

after  start  of  the  ON  period  lending  to  a  maximum 
about  2  6econd6  later.  Details  of  these  time 
profiles  and  their  frequencies  of  occurrence  will 
be  presented,  along  with  a  comparison  of  the 
absolute  fluxes  of  precipitating  electrons 
observed  under  various  conditions  of  transmitter 
operation. 
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J .  B .  REAGAN ,  W.  L.  Imhof,  H.  D.  Vobb,  E.  E.  Gaines 
(Space  Sciences  Laboratory,  Lockheed  Palo  Alto 
Research  Laboratory,  Palo  Alto,  CA  94304) 

R.  A.  HELLIWELL,  U.  S.  Inan  and  J.  Katsufrakis  (STAR 
Laboratory,  Stanford  University,  Stanford,  CA  94305) 
R.  G.  JOINER  (Office  of  Naval  Research,  Arlington,  VA 
22217) 

From  May  to  Dec  1982  an  experiment  called  SEEP  was 
conducted  in  which  energetic  electrons  were  precipi¬ 
tated  from  the  radiation  belt  by  powerful,  ground-based 
VLF  transmitters.  Unique  ON/OFF  modulation  patterns 
were  employed  at  the  times  that  the  S81-1  satellite  was 
overpassing  the  transmitter  sites.  Beams  of  electrons 
with  good  signal-to-background  ratios  and  with  the  same 
modulation  timing  as  the  transmitter  were  observed  on 
several  occasions  to  be  precipitating  into  the  atmos¬ 
phere.  The  most  outstanding  case  occurred  on  17  August 
1982  when  12  successive  beams  were  observed.  High  sen¬ 
sitivity  sensors  aboard  the  satellite  provided  direct 
and  detailed  measurement  of  the  spectra  of  the  precipi¬ 
tating  electrons.  The  precipitation  spectra  can  be 
described  by  an  exponential  continuum  plus  the  addition 
of  an  L-dependent  energy  peak.  The  relative  intensi¬ 
ties  of  the  continuum  and  the  energy  peaks  varied 
throughout  the  interaction  region  on  17  August.  The 
measured  electron  spectra  have  been  used  as  input  to  an 
atmospheric  deposition  computer  program  to  obtain  the 
energy  deposition  profile  and  the  enhanced  ionization 
rates.  Electron  density  profiles  have  been  derived 
using  available  nighttime  effective  recombination  rate 
coefficients.  Near  the  peak  in  precipitation  the 
transmitter-induced  electron  density  at  80  km  altitude 
was  calculated  to  be,  a  factor  of  6  higher  than  ambient 
nighttime  conditions.  Riometer  absorption  at  20  and  30 
MHz  was  estimated  to  be  0,13  and  0.06  db,  respectively. 
Details  of  the  precipitating  spectra  and  the  effects  on 
the  lower  ionosphere  will  be  presented. 


Preliminary  Results  from  the  S81-1  SEEP  Sa t  e  1 1  i  t  e 
X-Ray  Imaging  Spectrometer  (XRIS) 

tl.  D.  VOSS,  V.  L.  IM110F,  J.  B.  REAGAN,  R.  R.  VONDRAX, 
M.,WALT,  D.  W.  DATLOWE,  J.  MOBILIA,  D.  P.  CAUFFMAN, 

W.  CALVERT*  (all  of  Lockheed  Palo  Alto  Research 
Laboratory,  Palo  Alto,  CA  94304) 

*(now  at  the  University  of  Iowa,  Iowa  City, 

Iowa  52243) 

Simultaneous  x-ray,  airglow  and  energetic 
particle  measurements  have  been  made  onboard  the  SEEP 
(S81-1)  satellite-  SEEP  is  a  3-axis  stabilized 
satellite  in  polar  orbit  at  low  altitude  (  170-280  km) . 
The  SEEP  x-ray  imaging  spectrometer  (XR1S)  measures 
x-rays  from  the  atmosphere  with  a  large  area  imaging 
proportional  counter  sensitive  over  the  energy  range 
of  4  to  40  keV.  The  XRIS  f ield-of— view  is  divided 
into  16  pixels  in  the  direction  perpendicular  to  the 
satellite  trajectory.  This  enables  the  remote  sensing 
of  electron  precipi ta ti on  over  a  large  area  with  fine 
spatial  (30  km)  and  temporal  (0.13  sec)  resolution. 
XRIS  images  are  presented  for  various  auroral 
features:  pulsating  aurora,  discrete  arcs,  polar-cap 

events  and  auroral  patches.  These  x-ray  images  are 
compared  to  the  nearly  simultaneous  airglow  (391.4  and 
630  nm)  and  energetic  particle  (E  >  2  keV) 
measurements.  The  observed  x-ray  fluxes  and  energy 
distributions  can  be  used  to  compute  the  precipitated 
energetic  electron  spectra,  energy  inputs,  ionospheric 
electron  densities,  and  upper  atmospheric 
conductivities . 
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Satellite  Observations  of  Periodic  F-Region  Gradients 
During  the  Stimulated  Emission  of  Energetic  Particles 
(SEEP)  Experiment 

J.  M0B1L1A ,  H.  D.  VOSS,  W.  1.  IMDOF ,  J.  B.  REAGAN  , 

K. J..  MILLER  (all  of  Lockheed  Palo  Alto  Research 
Laboratory,  Palo  Alto,  CA  94304) 

Satellite  observations  of  large-scale  F-region 
plasma  gradients  are  reported  that  accompany  manmade 
precipitation  of  radiation  belt  electrons.  The 
radiation-belt  precipitation  was  accompl i shed  by  the 
controlled  injection  of  17.8  kHz  VLF  signals  from  a 
ground-based  transmitter  (NAA).  Strong  F-region 
electron-density  variations  having  horizontal 
wavelength  of  "200  km  have  been  observed  during  two 
of  the  strongest  transmitter-induced  precipitation 
events  with  the  SEEP  plasma  probe  at  an  altitude  of 
about  220  km.  The  location  and  infrequent  occurrence 
of  such  large  density  variations  suggest  they  may  be 
responsible  for  efficient  coupling  of  ground-based  VLF 
energy  into  selected  regions  of  the  magnetosphere, 
lonosonde  measurements  from  Wallops  Island  support  the 
satellite  measurements  and  are  used  to  obtain  the 
vertical  density  profile.  The  known  properties  of 
internal  gravity  waves  at  these  latitudes  and  the 
satellite  observations  are  used  to  estimate  the 
spatial  distribution  of  electron  density  with  latitude 
and  altitude. 
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COORDINATED  SATELLITE  MEASUREMENTS  OF  PARTICLE  PRECIPITATION 
DURING  THE  STORM  OF  JULY  13,  1982 


W.  L.  IMHOF,  J.  B.  Reagan,  H.  D.  Voss,  E.  E.  Gaines,  and 

J.  Mobllia  (Space  Sciences  Laboratory,  Lockheed  Palo  Alto 
Research  Laboratory,  Palo  Alto,  CA  94304) 

During  the  major  magnetic  storm  of  July  13,  1982  and  the  associated  solar 
particle  event,  high  fluxes  of  precipitating  particles  were  measured  with  an 
array  of  spectrometers  on  three  low  altitude  polar-orbiting  satellites  In  dif¬ 
ferent  local  time  regimes;  P72-1  (4  am  -  4  pm),  P78-1  (noon  -  midnight)  and 
S81-1  (10:30  am  -  10:30  pm)  in  the  U.  S.  Air  Force  Test  Program.  In  addition 
to  a  variety  of  electron/proton  spectrometers  on  all  three  vehicles,  brems- 
strahlung  x-ray  detectors  were  placed  on  the  latter  two  satellites  and  an 
airglow  photometer  was  contained  in  the  SEEP  payload  on  the  S81-1  spacecraft. 
Large  fluxes  of  precipitating  energetic  protons  were  measured  over  the  polar 
cap  In  addition  to  high  fluxes  of  electrons  that  were  precipitating  at  lower 
latitudes.  Instantaneous  local  time  distributions  in  the  electron  precipita¬ 
tion  over  a  broad  interval  were  obtained  from  the  x-ray  detectors  on  P78-1. 
The  trapping  boundary  locations  and  their  relationship  to  the  solar  particle 
cutoff 8  were  also  measured  and  will  be  reported  in  addition  to  the  energy 
spectra  and  spatial  distribution  of  precipitating  electrons. 
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D.  W.  DATLOUE,  W.  L.  1HHOP ,  H.  D.  VOSS,  E.E.  GAINES, 
AND  J.  B.  REAGAN,  (Lockheed  Palo  Alto  Research 
Laboratory,  Palo  Alto,  Ca .  94304) 

We  report  on  measurements  of  trapped  electron  spectra 
made  by  the  S  8 1  —  1  spectrometer  In  the  energy  range  6 
keV  to  1  Hev.  In  many  cases  the  spectra  exhibit 
multiple  peaks.  The  ^eaks  have  been  observed  In  the 
longitude  range  300  -  360  E  and  for  magnetic  L 
parameters  1.2  to  1.8.  At  the  250km  observing  altitude 
of  the  S81-1  instrument,  peaks  are  routinely  observed 
at  southern  latitudes  in  this  L-range.  Correlated 
observations  with  the  P78-1  satellite  at  600  km  show 
that  the  phenomenon  occurs  in  both  hemispheres.  The 
energies  at  which  the  peaks  occur  decreases  linearly 
with  increasing  magnetic  L  parameter  and  changes  with 
longitude.  The  general  characteristics  of  these  spectra 
will  be  presented. 
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Coordinated  Satellite  a nd  Ground-Based  Studies  of 
Intense  Hagnetospher lc  Electron  Precipitation  Events 

W.  L.  1MH0F.  J.  B.  Rf.AGAN ,  H.  D.  VOSS,  D.  V.  DATl.OWR, 
J.  R.  KILNP.R,  E.  E.  CAINES,  AND  J.  MORILIA, 
(Lockheed  Palo  Alto  Research  Laboratory,  Palo  Alto, 
CA  94 IGA) 

T.  J.  ROSENBERG,  (Inat.  for  Phy.  Bel.  A  Tech., 
University  of  Maryland,  College  Park,  MD  20742) 

R.  G.  JOINER,  (Office  of  Naval  Research,  Arlington,  VA 
22217 

The  precipitation  of  energetic  electrons  (tens  of 
keV  and  greater)  during  strong  precipitation  events  has 
been  Investigated  using  both  direct  electron  and 
bremsstrahlung  x-ray  observations  from  two  satellites 
and  rlometer  and  magnetometer  measurements  at  Antarctic 
stations.  The  rlometer  absorption  during  an  event  at  “ 
2300  UT  on  27  June  1982  was  >  10  db  at  30  MHr ,  the 
highest  recorded  at  South  Pole  In  1982  associated  with 
an  isolated  substorm.  Near  the  time  of  maximum 
absorption  the  P78-1  satellite  was  over  the  Southern 
polar  cap  and  bremsstrahlung  x-ray  mappings  >  2!  keV 

were  performed  with  an  array  of  cadmium  tellurlde 
spectrometers  that  overlapped  the  South  Pole  station. 
The  x-ray  mappings  indicated  that  the  position  of 
maximum  electron  precipitation  was  close  to  the  South 
Pole.  Nearly  simultaneous  direct  electron  and 
bremsstrahlung  x-ray  measurements  were  also  performed 
over  the  North  polar  cap  with  the  SEEP  payload  on  the 
S81-1  spacecraft  and  these  provide  the  opportunity  to 
study  conjugacy  effects.  At  the  time  of  the  SSC  near 
1618  UT  on  13  July  1982  the  fluxes  of  bremsstrahlung 
x-rays  >  21  keV  recorded  from  the  P78-1  satellite  were 
the  highest  noted  in  over  four  years  of  on-orblt 
operation.  During  this  event  rlometer  absorption  of  > 
10  db  at  30  MHr  was  recorded  at  South  Pole,  comparable 
to  that  observed  on  27  June  1982. 
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Coordinated  Satellite  and  Cround-Baaed  Stud  let  of 
lntenae  Kagnetoapherlc  Electron  Precipitation  Lventa 

V.  L,  LMIIQf  .  J.  B .  RF.ACAN,  H.  0 .  VOSS,  D.  V.  DATI.OUE , 
J.  R.  MtNFR,  F.  F.  CAINES,  A  N I  *  J.  MOMMA, 
(IxJcHieed  Palo  Alto  Reaearch  Laboratory,  Palo  AJ  t  o , 
CA  9*304) 

T.  J.  ROSENBERC,  (lntt.  lor  Phy.  Scl.  4  Tech., 

Unlverelty  of  Maryland,  College  Park,  MD  70742) 

R.  C.  JOINER,  (Office  of  Naval  Reaearch,  Arlington,  VA 
22217 

The  precipitation  of  energetic  electron!  (tent  of 
keV  and  greater)  during  atrong  precipitation  rventt  hat 
been  lnvettlgated  ualng  both  direct  electron  and 

breas a t rah  I ung  t-ray  ohaervttlont  Iroa  two  aatellltet 
and  rloneter  and  tiagne t owe t e r  neaauremente  at  Antarctic 
a  t  a  t lent .  The  rlooeter  abtorptlon  during  an  event  at 
2300  UT  on  27  June  1982  vat  >  10  db  at  30  MH i  ,  the 

hlgheat  recorded  at  South  Pole  In  1987  attoclated  with 

an  laolated  lubitora.  Near  the  tine  of  *mIbu« 
abtorptlon  the  P7B-1  aatellite  wtt  over  the  Southern 
polar  cap  and  br  e®«at  rahl  ung  x-ray  napplnga  >  21  1'V 

were  perforwed  with  an  array  of  cadmlun  tellnrlde 
tpect rner ter  a  that  overlapped  the  South  Pole  elation 
The  t-tay  napping!  Indicated  that  the  poaftlnn  of 
nailmua  electron  pr ec I p I t a t I nn  vat  cloae  to  the  South 
Pole.  Nearly  tlnultaneout  direct  electron  and 
br emt a t r a h 1 ung  x-ray  neaaurenents  were  alao  perforned 
over  the  North  polar  cap  with  the  5EFF  payload  on  the 
581-1  apacecraft  and  theae  provide  the  opportunity  to 
etudy  conjugary  effect!.  At  the  time  of  the  SSC  near 
1618  UT  on  13  July  1  982  the  fluiea  of  br  en  a  a  t  r  ah  1  ung 
jr-raya  >  21  keV  recorded  from  the  P78-I  aatellite  were 
the  hlgheat  noted  In  over  four  yeara  of  on-orblt 
operation.  During  thla  event  rlcrweter  abaorptlon  of  > 
10  db  at  30  HMt  vii  recorded  at  South  Pole,  comparable 
to  that  observed  on  27  June  1982. 
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Study  of  the  Effects  of  VLF  Transmitter  Operation  on 
~  the  Fluxes  of  Precipitating  Electrons  ~ 

J.  MOBILIA,  W.  L.  IMHOF,  J.  B.  REAGAN,  H.  D.  VOSS,  E. 

E.  GAINES,  AND  D.  W.  DATLOWE ,  (Palo  Alto  Research 

Laboratory,  Palo  Alto,  California  94304) 

R.  A.  HELLIWELL,  U.  S.  INAN,  AND  J.  KATSUFRAKIS,  (STAR 

Laboratory,  Stanford  University,  Stanford,  CA  94305) 
R.  G.  JOINER,  (Office  of  Naval  Research,  Arlington,  VA 

22217) 

Examples  of  the  direct  precipitation  of  radiation 
belt  electrons  by  the  controlled  injection  of  VLF 
signals  from  a  ground  based  transmitter  have  been 
recently  reported  from  data  acquired  on  the  SEEP 
(Stimulated  Emission  of  Energetic  Particles) 
experiment.  During  each  of  the  events  the  fluxes  of 
precipitating  electrons  were  observed  repeatedly  to 
display  a  characteristic  time  behavior  with  respect  to 
the  transmitter  modulation.  Now,  detailed  comparisons 
have  been  made  of  the  absolute  fluxes  of  precipitating 
electrons  observed  during  normal  operation  of  the  U.  S. 
Navy  VLF  transmitters  at  Cutler,  Maine,  at  Annapolis, 
Maryland  and  at  Jim  Creek,  Washington  with  those 
recorded  when  one  of  these  transmitters  was  modulated 
in  a  special  3s  0N/2s  OFF  format.  The  data  in  the 
longitude  interval  220  -  310°E  were  acquired  during  a 

total  of  “  400  passes  of  the  satellite,  ~  100  of  which 
were  taken  during  times  of  the  special  transmitter 
modulation.  Large  variations  in  the  fluxes  of 
precipitating  electrons  from  one  satellite  pass  to 
another  are  observed  at  a  variety  of  L  shells  .and  over 
a  broad  range  of  longitudes.  Both  the  normally 
occurring  precipitation  and  any  changes  associated  with 
the  special  transmitter  operation  will  be  discussed. 
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H.  D.  VOSS,  W.  L.  IMHOF,  J.  B.  REAGAN,  R.  R.  VONDRAK, 
M.  WALT,  J.  MOBILIA,  D.  W.  DATLOWE  AND  D.  P. 
CAUFFMAN  (Lockheed  Palo  Alto  Research  Laboratory, 
Palo  Alto,  California  94304) 

W.  CALVERT  (University  of  Iowa,  Iowa  City  52243) 

R.  G.  JOINER,  (The  Office  of  Naval  Research,  Arlington, 
Virginia  22217) 

X-ray  imagery  of  the  Earth' s  aurora  in  the  4  to  40 
keV  energy  range  was  obtained  during  the  S81-1  SEEP 
mission.  S81-1  was  a  3-axis  stabilized  satellite  in 
polar  orbit  at  low  altitude  (170  -  280  km).  The  SEEP 
x-ray  imaging  spectrometer  (XR1S)  remotely  sensed 
bremsstrahlung  x-rays  from  the  atmosphere  over  a  large 
area  along  the  orbit  cross-track  with  fine  spatial  (30 
km)  and  temporal  (0.13  sec)  resolution.  Currently  over 
250  well  defined  x-ray  events  have  been  identified 
during  the  month  of  June,  1982  and  are  being 
quantitatively  analyzed  to  obtain  absolute  intensities 
for  comparison  with  the  simultaneous  airglow  (391.4  and 
630.0  nm)  and  energetic  particle  (E  >  2  keV) 

measurements  made  concurrently  onboard  the  SEEP 
satellite.  The  x-ray  images  have  been  catalogued  and 
have  provided  new  details  of  the  spatial  distributions 
and  energy  variations  of  various  auroral  features: 
pulsating  aurora  (periods  <  10  sec),  daytime  arcs, 

polar-cap  events  and  auroral  patches.  The  observed 
x-ray  fluxe6  and  energy  distributions  can  be  used  to 
compute  the  precipitated  energetic  electron  spectra, 
energy  inputs,  and  ionospheric  conductivities  for 
comparison  with  groundbased  measurements  and 
theoretical  models. 
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Satellite  Observations  of  Energetic  Ions  and  Neutrals 
in  the  Equatorial  Precipitation  Zone 


H.  0.  Voss  ,  W.  L.  Imhof,  and  J.  Me b i 1  la 
Lockheed  Palo  Alto  Research  Laboratory 
3251  Hanover  St.,  Building  255 
Palo  Alto,  California  94304 


Prom  the  SEEP  payload  on  the  S81-1  spacecraft  an 
Investigation  is  being  made  of  energetic  Ions  and  neutrals 
observed  in  the  equatorial  precipitation  rone.  SEEP  Is  a 
3-axis  stablized  satellite  in  polar  orbit  at  low  altitude 
(1^0-280  km).  High  resolution  energetic  electron  (E  >  2 
keV)  and  ion  (E  >  20  keV  for  hydrogen)  measurements  were 
made  with  an  array  of  passively  cooled  (150°K)  silicon 
solid  state  detectors  (geometrical  factors  of  0.2  to  0.6 
c/n  sr).  Remote  sensing  of  the  ion  and  neutral  precipita¬ 
tion  was  accomplished  using  a  quadrant  airglow  photometer 
sensitive  to  391.4  nm  (0.8  and  2.4  nm  FWHM)  and  630.0  nm 
wavelengths.  Also  included  in  the  payload  was  a  plasma 
diagnostic  probe  operated  as  a  Langmuir  probe. 

During  the,.13  Jm  1  y  .1982  .magnetic  storm  (Dst  «  -  328  ) 
high  fluxes  (1(T  cin‘T  s'1  sr'1)  of  energetic  neutrals  and 
ions  were  observed  about  the  geomagnetic  eauator.  At  an 
altitude  of  175  km  the  flux  is  observed  to  dip  at  the  geo¬ 
magnetic  equator.  On  either  side  of  this  minimum  an  almost 
mirror  image  of  the  flux  latitude  variation  Is  observed 
with  a  maximum  intensity  located  near  +_  10  degrees  about 
the  geomagnetic  equator.  Also  measured  was  the  location  of 
the  plasma  trough  (l.e.  the  compression  of  the  magneto¬ 
sphere)  with  the  plasma  probe  during  the  various  phases  of 
the  magnetic  storm.  With  the  energetic  particle  spectro¬ 
meters  and  an  airglow  photometer  strong  energetic  ion  and 
electron  precipitation  was  observed  on  midlatitude  L-shells 
associated  with  the  ring  current. 

The  explanation  of  this  equatorial  precipitation  zone 
is  believed  to  be  a  doub I e- cha r ge- e x c h a n ge  process  of  ions 
originating  in  the  ring  current  [Moritz,  1972,  Tinsley, 
1978,  Voss  and  Smith,  1980a].  By  charge  exchange  with 
thermal  hydrogen  atoms,  the  protons  of  the  ring  current 
become  high  velocity  hydrogen  atoms  which  for  those 
directed  toward  the  earth  are  focussed  in  the  equatorial 
atmosphere  where  they  again  become  protons  by  ionization 
collisions.  A  similar  process  occurs  for  energetic  helium 
and  oxygen;  however,  the  loss  rate  from  the  ring  current  is 
smaller  than  that  for  protons  and  consequently  the  energe¬ 
tic  helium  and  oxygen  are  more  important  in  the  later 
recovery  phase  of  a  magnetic  storm.  The  charge-exchange 
mechanism  is  consistent  with  the  measured  particle  altitude 
profile,  energy  spectrum,  and  pitch-angle  distribution 
[Moritz,  1972;  Mizera  and  Blake,  1973;  Voss  and  Smith, 
1977,  1980b]  and  provides  a  good  explanation  of  the  rapid 
drift  of  energetic  particles  in  a  direction  perpendicular 
to  the  magnetic  field  lines. 

The  low  altitude  particle  zone  is  therefore  a  mapping 
of  the  internal  composition,  spatial  geometry  and  temporal 
changes  of  the  ring-current  particles,  weighted  by  the 
appropriate  cross  sections  and  neutral  hydrogen  density;  it 
provides  a  powerful  method  of  studying  the  ring  current. 

Based  on  the  satellite  observations  and  the  theoret¬ 
ical  predictions  of  the  ring  current  source  it  is  proposed 
that  a  mul t i detector  sensor  which  measures  the  ennrgetic 
neutrals  might  be  able  to  image,  in  a  limited  fashion,  the 
integral  ion  intensities  of  the  ring  current  as  a  function 
of  latitude  and  longitude  about  the  geomagnetic  equator 
(e.g.  during  one  raster  scan  or  spin  period  of  a 
satel  1 1 te) . 
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TIP's  Above  Thunderstorms  Associated  with  the 
Efficient  Transmission  of  VLF  Energy  Through  the 
lonosplier  e  —  ~ 


II.  D.  VOSS,  W.  L.  Lrahof,  J.  B.  Reagan,  K.  L. 

Killer,  and  J.  Mobllia,  (Lockheed  Palo  Alto 

Research  Laboratory,  Palo  Alto,  CA.  94304) 

The  precipitation  of  energetic  electrons  from 
the  radiation  belts  by  the  controlled  injection  of 
17.8  kHz  VLF  signals  from  the  NAA  transmitter  ha6 
previously  been  reported.  During  two  of  the 
strongest  transmitter-induced  precipitation  events 
measured  with  the  SEEP  S81-1  satellite, 
simultaneous  in  situ  measurements  of  strong 
F-region  electron  density  variations  were  made  with 
the  SEEP  plasma  probe  at  an  altitude  of  about  220 
km.  The  electron  density  variations  had  a 
horizontal  wavelength  of  about  200  km  and  are 
consistent  with  being  classified  as  traveling- 
ionospheric-disturbances  (TID).  Thunderstorm 
weather  fronts  have  been  identified  from  weather 
satellite  maps  as  being  located  directly  beneath 
these  two  TID's  and  adjacent  to  the  particle 
precipitation  region.  The  plasma  density  gradients 
associated  with  TID's  are  known  to  extend  from  the 
lower  D-region  into  the  magnetosphere.  It  Is 
suggested  that  the  TID's,  which  may  be  Initiated  by 
the  thunderstorms  beneath,  are  responsible  for  the 
efficient  coupling  of  VLF  waves  into  the  magneto¬ 
sphere  where  interaction  with  the  energetic 
electrons  occurs.  In  all  of  the  sixteen  cases  of 
transmitter  modulations  studied  to  date  in  which 
there  were  no  observed  particle  precipitation, 
there  was  also  no  evidence  of  TID  activity.  Data 
on  the  plasma  density  variations  and  this  correla¬ 
tion  with  the  thunderstorm  fronts  will  be 
presented. 
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Oba  e  r  v  a  t  1  onof  Hultl  a  _P e  a  k  ■ _ l_n  the  Spectrua  of 

Trapped  Electrona  In  the  Inner  Belt 

D.  V.  DATIOWE,  V.  L.  IHllOP.  K.  t.  CAINES  (Lockheed 
Palo  Alto  Reaearch  Laboratory,  Palo  Alto,  Ca . 
9430A) 

We  report  on  correlated  sea aureaenta  of  peaka  In 
the  energy  apectra  of  g eon  a  g ne t I c a l l y  trapped 
electrona  In  the  range  100  keV  to  1  Hev.  The  peaka 
are  obaerved  in  the  region  of  the  South  Atlantic 
anomally  at  L  £  2.  The  data  have  been  aelected  frott 
■eaaureaents  by  an  electron  apectronet er  on  the 
P78-1  aatelllte  froa  1979  to  1983.  Double  epectral 
peaka  were  obaerved  eeveral  tlaea  In  conjunction 
with  high  geomagnetic  activity,  but  they  were  not  a 
routine  occurrence.  Spectra  with  up  to  ala  peaka 
were  Been  on  eorae  occaalona.  Coordinated  epectral 
■eaaurementa  were  aade  with  the  581-1  aatelllte 
during  the  fall  of  1  982  .  At  58 1  —  l ' »  lower  altitude 
(amaller  equatorial  pitch  angle)  the  apectra  tended 
to  have  aore  prominent  peaks. 
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The  S lau  l  tn neou9_Ene r ^y_Se  l^ec  t  i  vc _ P  r  l_ p  1  t_n  t_l  on  o  f 

Electrons  and  Iona  From  Narrow  Regions  of  the  Outer 
Radiation  B e It 

W.  L.  IHHOF,  J.  B.  REAGAN,  II.  D.  VOSS,  0.  W.  DATLOWP, 
E.  E.~  GAINES,  and  J.  HOBILIA  (Lockheed  Palo  Alto 
Research  Laboratory,  Palo  Alto,  California  941UM 

An  Investigation  has  been  made  of  simultaneous  large 
and  spat t a l 1 y-nar row  enhancements  In  the  fluxes  o  f 
electrons  ( f»  8  keV  -  >  A  HeV)  and  lorTs  (AO  krV  -  900 

keV)  precipitating  In  the  drift  loss  cone  at  L  I  A  -  5. 
The  events  show  greater  enhancements  at  higher  ener¬ 
gies.  The  electron  and  ion  flux  Increases  observed 
from  low  altitude  polar  orbiting  satellites  arc 
sometimes  co-located  and  enhancements  with  widths  of 
0.1  units  in  L  have  been  observed  on  occasion  for  botl 
electrons  and  Ions.  Since  electrons  and  Ions  longltud* 
drift  In  opposite  directions,  on  those  occasions  wlmr 
similar  flux  profiles  are  seen  the  Interaction  may  be 

occurring  close  to  the  point  of  observation.  The 

measurements  are  Interpreted  In  terras  of  wave-pa r 1 1 c  l e 
Interactions,  with  the  narrow  widths  in  L  perhaps  being 
associated  with  fine  structure  In  the  cold  plasma 
density  profiles.  Possible  combinations  of  electro¬ 
magnetic  Ion-cyclotron  wave  frequency  and  cold  plasma 
density  are  Invoked  to  Interpret  the  nearly  simul¬ 

taneous  electron  and  proton  precipitation. 
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Nighttime  Satellite  Observations  of  Lightning  Plashes 
l  Lorrelated  wi.t5~Eicctron  Precipitation 

J.  MOB1LIA,  H.  D.  VOSS,  AND  W.  L.  IKNOF  (Lockheed  Palo 
Alto  Research  Laboratory,  Palo  Alto,  CA  94304) 

During  the  period  from  Hay  28  to  December  5,  1982 
over  200  Intense  terrestrial  lightning  events  with 
multlflaah  hursts  were  observed  with  the  cooled 
alrglov  photometer  on-board  the  low  altitude  and 
3-etla  stabilised  S81-I  aatellite  (SEEP  payload). 

Three  quadrants  of  the  photometer  had  center  filter 
wavelengthe  of  391.4,  390.8  and  630.3  ns.  with 
bandwtdths  of  0.8,  2.4,  and  1.2  nn.  r espec 1 1  v e  1  y  . 

The  fourth  channel  was  sealed  light  tight.  The  N 
excitation  line  (391.4  nn)  Is  well  known  from 
ground-based  studies  to  be  a  significant  component  of 
lightning  spectra.  The  geographic  distribution  of 
the  lightning  flssh  events  sre  found  to  be  consistent 
with  the  location  of  major  thunderstorm  centers. 

Also  Included  oo  the  SEEP  psylotd  was  s  fine  resolu¬ 
tion  and  high  sensitivity  (0.17  to  0.51  cnZ  sr) 
cooled  solid  state  particle  spectrometer  array. 

During  lightning  flssh  events  observed  with  the 
photometer  numerous  Lightning-induced  Electron 
Precipitation  (LEP)  events  were  alto  present.  Some 
of  these  LEP  events  were  directly  sssoclsted  with 
observed  391.4  nn  lightning  flashes.  The  SEEP 
energetic  electron  data  base,  covering  shellg  of 
2.0  -  3.0  in  the  longitude  Interval  200  -  310  E,  Is 

compared  with  the  lightning  dats  base.  Strong 
electron  precipitation  and  LEP  events  are  obaerved  to 
Intensify  four  to  five  days  after  the  strong  magnetic 
storms  of  13  July  sod  6  September  1982. 
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H.  D.  VOSS,  W.  L.  LMHOP ,  M.  WALT,  E.  E.  GAINES,  and  J. 

MOBILIA,  (Lockheed  Palo  Alto  Research  Laboratory, 

Palo  Alto,  CA  9A304) 

0.  S.  INAN,  R.  A.  HELLIWELL,  and  D.  L.  CARPENTER,  (STAR 

Laboratory,  Stanford  University,  Stanford,  CA  94305) 

Energetic  electron  precipitation  bursts  (E  "  150  keV 
at  L  -  2.1)  from  the  earth's  radiation  belts  have  been 
observed  with  the  S81-1  satellite  in  association  with 
terrestrial  lightning  flashes.  The  measured  energy 
deposition  ("  10  ergs  cm  ;  of  a  single  Lightning- 
induced  Electron  Precipitation  (LEP)  burBt  is  suffi¬ 
cient  to  empty  ahput  .001Z  of  tte  radiation  belt  at  L  ■ 
2.3  (assuming  10°  electrons  cm  q  and  E  >  100  keV) 
in  the  region  covered  by  the  burst  magnetic  field 
lines.  A  one-to-one  correlation  is  found  between 
whistlers  observed  at  Palmer,  Antarctica  and  LEP 
bursts.  In  one  case,  a  Trimpi  event  observed  at  Palmer 
is  correlated  with  an  LEP  event  observed  2000  km  away 
in  longitude  at  the  S81-1  satellite.  Whistler  waves 
(1-6  kHz)  that  undergo  cyclotron  resonance  with 
radiation  belt  electrons  are  believed  to  cause  the 
first  electron  precipitation  pulse  of  the  LEP  event. 
This  pulse  has  a  broadly  peaked  energy  Bpectrum  (100  < 
K  <  200  keV  at  L  -  2.3)  and  at  200  km  altitude  a  narrow 
pitch  angle  distribution  near  90°.  Subsequent  reflect¬ 
ions  and  backscatteringa  in  the  northern  and  southern 
hemispheres  produce  a  train  of  pulses  (~  320  ms  period) 
of  diminishing  intensity  which  make  up  the  individual 
LEP  event.  The  observed  LEP  peak  resonant  energies 
decrease  with  increasing  L  consistent  with  the  vari¬ 
ation  in  the  equatorial  cold  plasma  density  and 
radiation  belt  spectra. 
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H.  D.  VOSS.  W.  L.  IMHOP,  M.  WALT,  E.  E.  GAINES,  and  J. 

MOB  ILIA,  (Lockheed  Palo  Alto  Research  Laboratory, 

Palo  Alto,  CA  94304) 

U.  S.  I  KAN ,  ft.  A.  HELL  I  WELL,  and  D.  L.  CARPENTER ,  (STAR. 

Laboratory,  Stanford  University,  Stanford,  CA  94305) 

Energetic  electron  precipitation  bursts  (B  “  150  keV 
st  L  •  2.1)  f root  the  earth's  radistion  belts  have  been 
observed  with  the  £81-1  sstellite  in  associstloo  with 
terrestrial  lightning  flashes.  The  measured  energy 
deposition  (“  10  ergs  cm  ^)  of  a  single  Lightning- 
induced  Electron  Precipitation  (LEP)  burst  represents  a 
reduction  of  0.01  -  .0011  of  the  radiation  belt 

population  at  L  •  2.3  in  the  region  covered  by  the 
burst  magnetic  field  lines.  A  one-to-one  correlation 
is  found  between  whistlers  observed  at  Palmer, 
Antarctica  and  LEP  bursts  observed  on  the  satellite. 
In  one  case,  a  precipitation-induced  sublonaopher ic  VLP 
signal  perturbation  observed  at  Palmer  is  correlated 
with  an  LEP  event  observed  2000  km  away  in  longitude  at 
the  SEl-1  satellite.  Whistler  waves  (1-6  ktix)  that 
undergo  cyclotron  resonance  with  radiation  belt 
electrons  are  believed  to  cause  the  first  electron 
precipitation  pulse  of  the  LEP  event.  This  pulse  has  a 
broadly  peaked  energy  spectrum  (100  <  E  <  200  keV  at  L 
“  2.3)  sod  at  200  tsg  altitude  a  narrow  pitch  angle 
distribution  near  90  .  Subsequent  reflections  and 
backseat  ter ings  in  the  northern  and  southern 
hemispheres  produce  a  train  of  pulses  (~  320  as  period) 
of  diminishing  intensity  which  make  up  the  individual 
LEP  event.  The  observed  LEP  peak  resonant  energies 
decrease  with  increasing  L  consistent  with  the  vari¬ 
ation  in  the  equatorial  cold  plassa  density  In 
accordance  with  cyclotron  resonance  as  well  as  the 
radiation  belt  spectra. 
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The  Role  of  Lightning  In  Precipitating  Electrons 

From  the  Slot  Region  of  the  Radiation  Belt 

W.  L.  IMHOF,  H.  D.  VOSS,  H.  WALT,  E.  E.  GAINES,  J. 

MOBILIA j  and  D.  W.  DATLOWE,  (Lockheed  Palo  Alto 

Research  Laboratory,  Palo  Alto,  CA  94304) 

An  evaluation  is  made  of  the  contribution  of  VLF 
waves  generated  by  lightning  in  precipitating 
energetic  electrons  from  the  slot  region  of  the 
radiation  belts.  This  investigation  is  based  on 
differences  between  the  energy  spectra  of  the 
electrons  in  the  drift  loss  cone  and  the  energy 
spectra  of  lightning-induced  electron  precipitation 
events.  The  spectra  of  energetic  electrons  normally 
observed  in  the  drift  loss  cone  frequently  display 
pronounced  maxima  and  have  sometimes  significant 
flux  extending  above  500  keV.  On  the  other  hand 
electrons  precipitated  by  lightning  often  display 
less  pronounced  and  broad  peaks  that  rarely  extend 
above  250  keV.  These  upper  energy  limits  are 
consistent  with  the  wave  frequencies  associated  with 
lightning  and  with  VLF  hiss,  assuming  that  the 
precipitation  results  from  first  order  cyclotron 
resonance  of  the  trapped  electrons  with  VLF  waves. 
In  the  drift  loss  cone  the  spectral  information 
combined  with  pitch  angle  distributions  allow  a 
determination  of  the  total  loss  rates  from  the 
radiation  belts. 
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Energy  nnd  Time  Structure  of  Lightning-lnduroJ 
Eject ron  Precipitat ion 

H, _D_ Is**.  W.  L.  Imhof.  M.  Unit.  J.  Mohilia.  and  F.  F 

(iSinfA  (LockhrrH  P»lo  A ll r>  HrtrarcK  Lalv-tai'-rr.  Pal  •  All.-  (  »!' 
for nia  tw.lna) 

l  .  S.  I  n  A  n ,  H.  A.  llrlliwrll.  n  (i  rl  I)  I.  Carpenter  ( T  a  It 

I.  -r.ili-ry.  5l)nl..rt|  t  nivtrvtty.  Sl.trl  't.l.  <  A  nCA'-SI 

l.iRhtninR-indured  electron  prrr  i|»il  a  t  inn  Ilf  I’l  bom 
(  he  ear  t  h  a  nidi  a  I  ion  hell  It  a*  |m  cm  oh*cr  \  rd  with  the  S  I  f  I’ 
Payload  fin  the  low  •  a  ll  il  ude  Sfll-I  satellite  1  Itr  events 
occurred  on  a  ortf-in -onr  hasi*  with  thr  of'ser vnt ion  of 
one-hop  whistlrrs  at  Palmer,  Antarctica  Thr  rnrrRrrs 
(T»  :  F<  I  (XX)  kr  V)  of  individual  electrons  were  recorded  r  \  - 
er  v  i  mi  during  thr  l.F.P  hurAtA  and  thr  inc rrasr  of  rlcrirnn 
energy  with  tirnf  follow*,  directly  thr  oelotron  resonant 
frequency  of  a  I  2  hop  whi*tlcr  at  thr  geomagnetic  rqin- 
lor.  The  observed  multipulse  time  Atructurr  |-  U  33  a  pr- 
riod  at  L  =■  2.21  within  |,KP  burst  ftrnu  i<  understood  to 
be  cauArd  by  bunches  of  magnet ic ally  guided  Ve\ 

electrons  which  are  repeatedly  Acattered  ofT  thr  magnetic 
field  line.  Additionally,  in  some  ca'r«  the  hnr*t  nrnti 
repeat  after  a  delav  of  !  3  s,  AuRgestinR  that  an  rrhninR 
whistler  mas  initiate  l.FP  hurAtA  each  time  ii  traverse* 
the  RenmaRiietic  equator  Near  the  time  of  interest  \  I.F 
mraAiirrme ntA  on  the  ISIS  satellite  and  on  the  ground  pro¬ 
vide  substantial  r'idence  ol  second  arid  third  hop  whi’tlrr 
echoiriR  activity,  both  in  ducted  and  non  ducted  modes 
The  rnerRV-tirnr  Atrurture  of  the  LFP  hursts  is  compared 
with  the  whistler-particle  interaction  model 
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THE  PRECIPITATION  OF  RADIATION  BELT  ELECTRONS 
BT  VLP  TRANSHITTERS ,  BT  PLASHASFHERIC  HISS, 
AND  BY  LIGHTNING  WHISTLERS 


W.  L.  Imhof ,  H.  D.  Toaa,  M.  Walt,  E.  E.  Caines,  J.  Mobllla, 
and  D.  W.  Da t 1  owe 

Lockheed  Palo  Alto  Research  Laboratory 
Palo  Alto,  California  4*30* 


The  frequency  of  occurrence  of  the  various  proceaaea  by 
which  VLF  wavea  precipitate  geomagnetic  electrona  can  be  atudled 
by  the  characterlatlc  energy  apectra  of  the  precipitated  elec¬ 
trona,  In  the  Inner  radiation  belt  and  the  alot  region  it  haa 
been  clearly  demonstrated  that  ground-baaed  tranaaittera  precipi¬ 
tate  electrona  with  narrowly  peaked  apectra,  and  that  the  energy 
of  the  peake  decreaaea  rapidly  with  lncreaaing  L.  In  the  alot 
region  electrona  are  often  precipitated  by  wave  bande  associated 
with  plaamaspher  lc  hlaa  and  lightning  whistlers.  The  resulting 
energy  apectra  of  the  precipitated  electrona  have  broad  peaks 
with  a  a  la  liar  L-dependence  to  those  associated  with  trans¬ 
mitters.  Using  data  froa  electron  spectrometers  on  two  low 
altitude  satellites,  we  will  show  apectra  attributed  to  each  of 
these  proceaaea.  The  data  provide  a  measure  of  the  relative 
Importance  of  the  various  loaa  mechanisms  as  a  function  of  L, 
local  time  and  geomagnetic  activity. 
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SATELLITE  OBSERVATION  OF  L1CTTN INC- INDUCED  ELECTRON  PRECIPITATION 
H.  0.  To**,  W.  L.  lahof,  M.  Wilt,  J.  Mobil  Is,  T.  T.  Chiu, 

E.  B.  Caine*,  and  D.  W.  Datlowe 
Lockheed  Palo  Alto  Research  Laboratory 
Palo  Alto,  California  9430A 


Energetic  electron  precipitation  burnt*  (100  J  E  J  1000  keV) 
fro*  the  earth'*  radiation  bait*  hare  been  observed  with  the 
low-altitude  S81-1  aatelllte  In  aaaoclatlon  with  terrestrial 
lightning  flaahea.  The  aeaaured  energy  depoa  It  Ion  (~  lO'*  erga 
ca  )  of  a  alngla  Lightning-Induced  Electron  Precipitation  (LEP) 
burnt  repreaent*  a  redaction  of  0.01  -  .001X  of  the  radiation 
belt  population  at  L  «  2.3  In  the  region  covered  by  the  burnt 
■agnetlc  field  line*.  A  atrong  correlation  la  found  between 
thunderatona  lightning  flaah  event*  observed  with  the  SSI-1  391.4 
m  photometer  and  the  LEP  burnt*.  A  one-to-one  correlation  la 
found  between  whlatler*  obaereed  at  Palaer,  Antarctica  and  LEP 
burnt*  obaereed  on  the  aatelllte.  In  one  eaae,  a  prec lpltatlon- 
lnduced  aublonoapherle  VLP  algnal  perturbation  obaereed  at  Palmer 
1*  correlated  with  an  LEP  event  obaereed  2000  ka  away  In  longi¬ 
tude  at  the  S81-1  aatelllte  (Voaa  at  al.,  Nature,  312,  740-742, 
1984). 


Whlatler  wave*  (1-6  kHr)  that  undergo  cyclotron  reaonance 
with  radiation-belt  electron*  are  believed  to  cauae  the  flrat 
electron  precipitation  pulae  of  the  LEP  event.  Thl*  pulae  has  a 


broadly  peaked  energy  spectrum  (100  <  E  <  200  ke?  at  L  -  2.3)  agd 
at  200  km  altitude  a  narrow  pitch  angle  dlatrlbutlon  near  90  . 


Subsequent  reflections  and  backtcatter Inga  In  the  northern  and 
southern  hemisphere  produce  a  train  of  pulses  ("  320  ms  period) 
of  dlalnlahlng  Intensity  which  aake  up  the  Individual  LEP  event. 


The  observed  LEP  peak  reaonance  energies  decrease  with 
Increasing  L  consistent  with  the  variation  In  the  equatorial  cold 
plataa  density  in  accordance  with  cyclotron  resonance  as  well  as 
the  rad  1st lon-belt  spectra.  A  study  of  the  latitude  variation  of 
LEP  events  over  North  America  Indicates  a  maximum  occurance 
frequency  near  L  •  2.3  with  a  rather  sharp  equatorward  cutoff  at 
L  -  2.  This  L-ahell  region  of  frequently  observed  LEP  burst  la 
found  to  be  similar  to  the  radiation  belt  slot  region,  the 
aldlatltude  electron  rone  and  the  region  of  efficient  VLP 
transmitter-induced  electron  precipitation. 


In  addition  to  the  satellite  observation  of  optical  light¬ 
ning  flashes  and  LEP  bursts  In  the  vicinity  of  thunderstorms  the 
satellite  plasma  probe  also  observed  associated  F-reglon  Irregu¬ 
larities,  TID  variations  (1  *  200  ka)  and  transient  displacement 
current*  that  are  thought  to  be  induced  by  the  transient  1 Jght- 
nlng-lnduced  electromagnetic  electric  field.  The  lightning 
associated  transient  electric  fields  are  observed  to  have  rise 
times  faster  than  the  Instrument  resolution  of  64  msec  and 
recovery  time*  of  several  aecond*. 
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02.04.08  SATELLITE  OBSERVATIONS  OF  LIGHTNING  AND  ASSOCIATED 
ELECTRON  PRECIPITATION 
H  D  Voss,  W  L  Imhof,  J  Mobilia 

Lightning- itviuc  ed  electron  precipitation  (LEP)  from  the  earth's  radiation 
belt  has  been  observed  with  the  SEEP  Payload  on  the  low-altitude  (F  region; 
S81-1  satellite.  The  LEP  events  occurred  on  a  one-to-one  basis  with  the 
observation  of  one— hop  whistlers  at  Palm er-An tare tica  and  in  association 
with  lightning  flashes  observed  with  the  SEEP  391.4  rtm  photometer.  In 
addition,  the  SEEP  plasma  probe  observed  Traveling  Ionospheric  Di6trubances 
(TIDb)  and  transient  displacement  currents  in  the  vicinity  of  thunderstorms. 
The  observed  current  transient  i6  thought  to  be  induced  by  the  transient 
lightning  electric  field. 


I 

1 
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IAGA/IAMAP  5th  Gen.  Ass.,  p.  248,  August  1985 


02.07.06  SIMULTANEOUS  X-RAY  IMAGERY,  OPTICAL  AND  ENERGETIC 
PARTICLE  OBSERVATIONS  OF  THE  EARTH ' S  AURORA 
H  D  Voss,  W  L  Imhof,  R  R  Vondrak 
X-ray  images  of  The  earth's  aurora  in  the  4-40  keV  energy  range  wrr. 

acquired  with  the  SEEP  payload  on  the  low-altitude  (F  region)  SRI  1 
lite.  The  x-ray  imaging  spectrometer  (XRIS)  remotely  flensed  hr rmflStrahU.n, 
x  rays  from  the  atmosphere  over  a  large  area  along  the  orbit  rroRfl  track  ( 
700  km  long)  with  fine  spatial  (20-40  km)  and  temporal  (0.13  fl)  resolution. 
Currently  over  2000  well  defined  x-ray  maps  have  been  catalogued  for  rh. 
month  of  June,  1982.  The  XRIS  images  provide  new  details  ''nrl°””  a  . 
features:  pulsating  aurora  (0.03<2<10  fl) ,  daytime  aurora,  REP  events,  polm 

cap  spikes  and  structured  nnd  diffuse  auroral  forms. 


I 
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Probing  the  Equatorial  Plasma  Density  at  L  = _ 

2.0  by  Cyclotron  Resonance  Precipitation  of  Energetic 
Electrons 


D.W.  DATLOWE.  W.L.  IMHOF,  and  E.E.  GAINES  (All  at: 

Lockheed  Palo  Alto  Research  Laboratory  D91-20/B255,  Palo 

Alto,  Ca.  94304) 

Cyclotron  resonance  precipitation  of  70  -  500  keV  electrons 
produces  narrow  spectral  peaks  at  L  values  from  1.5  -  2.0.  A 
significant  feature  of  this  phenomenon  is  the  variation  in  energy 
of  the  peak  with  L,  which  can  be  used  to  measure  the  gradient 
of  the  plasma  density  near  the  magnetic  equator.  We  report  on 
a  survey  of  over  200  events  of  this  type  observed  by  electron 
spectrometers  on  the  S81-1  satellite.  We  compare  the  gradi¬ 
ent  inferred  from  our  electron  spectra  with  published  models 
and  find  that  the  typical  gradient  is  less  steep  than  expected. 
T  hese  measurements  also  show  the  day-to-day  variations  in  the 
inferred  plasma  density  in  the  electron  precipitation  regions. 
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Observations  of  Auroral  Bremsstrahlung  X-rays 


W.  L.  IMHOF  and  H.  D.  VOSS  (Lockheed  Palo  Alto  Research 

Laboratory,  Palo  Alto,  Ca.  94304) 

Measurements  of  the  bremsstrahlung  x-rays  produced  in  the 
atmosphere  by  precipitating  electrons  provide  information  on 
the  electron  fluxes  and  energy  spectra.  From  satellites  these 
measurements  can  lead  to  a  unique  separation  of  spatial  and 
temporal  variations.  The  technique,  first  demonstrated  from 
the  P72-1  satellite  in  1972,  has  now  provided  coarse  (from  P78- 
1)  and  fine  scale  [~  30  km  E  >  4  keV,  from  S81-1  (SEEP)] 
mappings  of  electron  precipitation  over  wide  areas  under  both 
daytime  and  nightime  conditions.  Electron  precipitation  pat¬ 
terns  in  the  auroral  zone  as  well  as  the  polar  cap  from  several  low 
altitude  polar  orbiting  satellites  are  presented  including  pulsat¬ 
ing  aurora,  daytime  aurora,  inverted  V  and  discrete  arcs,  polar 
cap  spikes,  and  other  structured  and  diffuse  auroral  forms.  The 
«  pected  results  from  future  high  altitude  satellite  programs 
which  can  provide  mappings  of  the  entire  polar  region  are  also 
discussed. 
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The  Spatial  Extent  of  Lightning  ami  Chorus  Electron 
Precipitation  Bursts  in  the  Slot  Region 


W.  L.  IMHOF,  H.  D.  VOSS,  J.  MOBILIA  (Lockheed  Palo 
Alto  Research  Laboratory,  Palo  Alto,  Ca.  94304) 

D.  S.  EVANS  (National  Oceanic  and  Atmospheric  Administra¬ 
tion,  Boulder,  Co.  80303) 


Bursts  of  precipitating  energetic  electrons  with  risetimes  less 
than  one  second  are  observed  in  the  slot  region;  many  of  the 
nightside  events  appear  to  be  associated  with  lightning  whereas 
those  on  the  dayside  may  be  related  primarily  to  VLF  chorus. 
Based  on  seven  months  of  data  in  1982  acquired  with  the  SEEP 
payload  on  the  low  altitude  (170  -  280  km)  S81-1  spacecraft  a 
tabulation  has  been  made  of  narrow  bursts  in  the  region  L  = 
2-3.  A  total  of  227  bursts  were  found;  103  in  the  daytime  and 
124  at  night.  At  the  time  of  each  of  these  events  data  from 
the  NOAA-6  spacecraft  (at  ~815  km  altitude)  were  examined 
to  find  occurrences  of  bursts  observed  at  the  same  times  as  the 
SEEP  events.  Events  observed  simultaneously  from  the  two 
satellites  will  be  presented  along  with  the  results  of  a  study 
of  their  frequency  of  occurrence  as  a  function  of  the  difference 
in  longitude  and  L  value  of  the  two  satellites.  The  prelimi¬ 
nary  investigations  indicate  that  individual  lightning  and  chorus 
induced  electron  precipitation  events  rarely  extend  more  than 
about  45°  in  longitude. 
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Observation*  of  Auroral  Brems  ctrahlung  X-rat 


W.  L.  1M1IOF  and  H.  D.  VOSS  (Lockheed  Palo  Alto  Research 
Laboratory,  Palo  Alto,  ('a.  94304) 


Measurements  of  the  bremsstrahlung  x-rays  produced  in  the 
atmosphere  by  precipitating  electrons  provide  information  on 
the  electron  fluxes  and  energy  spectra.  From  satellites  these 
measurements  can  lead  to  a  unique  separation  of  spatial  and 
temporal  variations.  The  technique,  first  demonstrated  from 
the  P72-I  satellite  in  1972,  has  now  provided  coarse  (from  P78- 
I)  and  fine  scale  ]—  30  km  E  >  4  keV,  from  S81-1  (SEEP)| 
mappings  of  electron  precipitation  over  wide  areas  under  both 
daytime  and  nightime  conditions.  Electron  precipitation  pat¬ 
terns  in  the  auroral  tone  as  well  as  the  polar  cap  from  several  low 
altitude  polar  orbiting  satellites  are  presented  including  pulsat¬ 
ing  aurora,  daytime  aurora,  inverted  V  and  discrete  arcs,  polar 
cap  spikes,  and  other  structured  and  diffuse  auroral  forms.  The 
expected  results  from  fulure  high  altitude  satellite  programs 
which  can  provide  mappings  of  the  entire  polar  region  are  also 
discussed. 
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Lightning  Observations  from  the  Seep/S81-1  Satellite 


J.  MOBILIA.  H.D.  VOSS,  W.L.  IMHOF  (Lockheed  Palo  Alto 
Research  Laboratory,  Palo  Alto,  California  94304) 

S.J.  GOODMAN  (NASA/Marshall  Space  Flight  Center, 
Huntsville,  Alabama  35812) 

During  the  period  from  May  to  December  1982  over  1000 
strong  terrestrial  lightning  events  with  multi-flash  bursts  were 
observed  with  the  cooled  airglow  photometer  on-board  the  low 
altitude  and  3-axis  stabilized  SEEP/S81-1  satellite.  The  N  + 
excitation  line  (391.4  nm)  is  well  known  from  ground  based 
studies  to  be  a  component  of  lightning  spectra  and  was  moni¬ 
tored  on  SEEP  with  two  filter  bandwidths  of  0.8  and  2.4  nm. 
The  geographic  distribution  of  the  lightning  flash  events  are 
found  to  be  consistent  with  the  location  of  the  major  thunder¬ 
storm  centers.  During  a  SEEP  pass  over  the  Oklahoma  light¬ 
ning  detection  network  on  15  June  1982  a  one-to-one  correla¬ 
tion  was  observed  between  the  satellite  and  groundbased  mea¬ 
surements  of  multi-stroke  cloud-to-ground  flashes.  Additional 
cloud-to-cloud  flashes  were  observed  with  the  SEEP  photome¬ 
ter.  Several  optical  lightning  flash  events  have  been  correlated 
on  a  one-to-one  basis  with  electron  precipitation  bursts  from 
the  earth’s  radiation  belt  consistent  with  the  expected  time 
delay  for  interactions  near  the  equator. 


EOS  Vol .  66  #46,  p.  1001  November  12,  1985 


*■  J  A  V 


Thunderstorm  Effects  in  Space  Observed  with 
the  SEEfyS81-l  Satellite 


H.D.  VOSS,  W.L.  IMHOF  and  J.  MOBILIA  (Lockheed  Palo 
Alto  Research  Laboratory,  Palo  Alto,  California  94304) 

Strong  coupling  is  suggested  between  the  terrestrial  and  space 
environment  based  on  the  low-altitude  SEEP/S81-1  satellite 
data.  The  SEEP  observations  above  thunderstorms  include 
remote  sensing  of  391.4  and  630.0  nm  wavelengths  from  light¬ 
ning  flashes  and  in  situ  measurements  near  200  km  altitude 
of  medium  scale  travelling  ionospheric  disturbances  (TIDs), 
lightning-induced  electron  precipitation  (LEP),  and  electric 
field  transients.  Thunderstorm  weather  fronts  have  been  iden¬ 
tified  from  weather  satellite  maps  as  being  located  in  the  391.4 
nm  flash  regions  and  directly  beneath  the  in  situ  SEEP  mea¬ 
surements  of  TIDs,  electric  field  spikes  and  LEP  bursts.  The 
TIDs  have  a  horizontial  wavelength  of  about  200  km  and  may 
be  the  result  of  a  gravity  wave  produced  from  the  thunder¬ 
storm  activity.  The  transient  electric  field  signatures  have  rise 
times  faster  than  the  instrument  resolution  of  64  msec.  The 
energetic  electron  precipitation  bursts  (100  <  E  <  500  keV) 
have  energy  fluences  as  great  as  10-3  ergs  cm-2  and  were  fre¬ 
quently  observed  in  the  L-shell  region  between  2  and  3.  This 
region  was  also  associated  with  the  efficient  precipitation  of 
energetic  electrons  from  the  radiation  belts  by  the  controlled 
injection  of  17.8  kHz  VLF  signals  from  the  NAA  transmitter. 
The  efficiency  improved  dramatically  during  times  of  thunder¬ 
storm  activity. 
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Pulsating  Electron  Precipitation  at  the  Trapping 
Boundary 

H.D.  VOSS.  W.L.  IMHOF,  G.T.  DAVIDSON,  and  J. 
MOBILIA  (Lockheed  Palo  Alto  Research  Laboratory,  Palo 
Alto,  California  94304) 

Pulsating  electron  precipitation  at  the  trapping  bound¬ 
ary  was  frequently  observed  with  the  SEEP  payload  on  the 
low-altitude  S81-1  satellite  (May-  Dec,  1982).  SEEP  x-ray  (4- 
40  keV)  and  photometer  (391.4  nra)  measurements  remotely 
mapped  energetic  electron  precipitation  with  a  temporal  res¬ 
olution  of  0.06  s.  Onboard  particle  spectrometers  indicated 
intense  relativistic  electron  precipitation  with  energies  extend¬ 
ing  beyond  1  MeV.  The  pulsations  are  identified  by  the  quasi- 
periodic  x  ray  and  391.4  nm  flux  variations  (~  5s  period)  that 
are  much  shorter  than  the  temporal  variations  associated  with 
the  convolution  of  the  instrument  field-of-view  with  the  emit¬ 
ting  region.  The  trapping  boundary  in  the  auroral  region  as 
observed  with  the  SEEP  particle  spectrometers  is  characterized 
by  1)  a  rapid  increase  in  local  mirroring  flux  from  the  low  polar 
cap  to  high  radiation  belt  intensities  and  2)  a  strong  energy  ver¬ 
sus  L  dependence  for  precipitating  electrons  45<E<1000  keV. 
X-ray  images  of  the  trapping  boundary  indicate  an  arc  struc¬ 
ture  that  is  extended  beyond  the  x  ray  field-of-view  (600  km)  in 
the  direction  of  constant  magnetic  latitude.  During  substorm 
activity  the  trapping  boundary  is  observed  to  move  equator- 
ward  with  associated  strong  pulsations.  These  measurements 
are  consistent  with  previous  results;  however,  the  SEEP  high 
sensitivity,  low  thresholds,  and  x  ray  mapping  capability  have 
important  implications  to  the  theory  of  particle  trapping  and 
precipitation. 


Abstract  for  SCAR  Upper  Atmosphere  Physics  Working  Group 
Meeting  18  June  1986 

X-RAY  IMAGERY,  OPTICAL  AND  ENERGETIC  PARTICLE 
OBSERVATIONS  OVER  ANTARCTICA  IN  JUNE  1982 

H.D.  VOSS,  W.L.  IMHOF,  AND  J.  MOBILIA 
(Lockheed  Palo  Alto  Research  Laboratory,  Palo  Alto,  CA,  94304) 

X-ray  images  of  the  earth’s  aurora  in  the  4-40  keV  range  were  acquired  in  June 
1982  with  the  SEEP  payload  on  the  low-altitude  polar  orbiting  S81-1  satellite.  The  x-ray 
imaging  spectrometer  (XRIS)  remotely  sensed  bremsstrahlung  x-rays  from  the  atmosphere 
over  a  large  area  along  the  orbit  cross-  track  (600  km)  with  fine  spatial  (20-40  km)  and 
temporal  (0.13  s)  resolution.  Currently  over  2000  well  defined  x-ray  maps  have  been 
catalogued  for  the  month  of  June  1982.  Simultaneous  energetic  particle  (2  <  E  <  1000 
keV),  plasma  density,  and  photometer  (391.4  and  630.0  nm)  measurements  are  compared 
with  the  x-ray  images  and  provide  new  details  of  various  auroral  features:  pulsating  aurora, 
daytime  aurora,  trapping  boundary  arcs,  polar  cap  spikes,  inverted  V  events,  and  other 
structured  and  diffuse  auroral  forms. 


SCAR  Meeting,  June  1986 


Spectral  Mapping  of  Precipitating  Electrons 
with  X-ray  Images 

D.  W.  DATLOWE.  W.  L.  IMHOF,  H.  D.  VOSS  (Lockheed 
Palo  Alto  Research  Laboratory,  Palo  Alto,  California  94304) 

We  present,  for  the  first  time,  a  snapshot  of  the  the  spec¬ 
tral  variation  of  >  5  keV  electrons  precipitating  into  the  auroral 
zone  as  a  function  of  magnetic  local  time.  The  measurements 
use  the  two-dimensional  mapping  characteristic  of  an  X-ray 
imager  to  view  the  aurora!  oval  for  up  to  six  hours  of  MLT  in 
a  single  ~  10  minute  observation. 

The  measurements  were  made  during  June  1982  by  the 
imaging  proportional  counter  of  the  SEEP  experiment  on  the 
low  altitude  polar  orbiting  satellite  S81-1.  The  data  consist  of 
spatially  resolved  bremsstrahlung  X-ray  spectra  in  the  energy 
range  4-40  keV.  From  the  X-ray  spectral  maps  we  have  inferred 
the  spectra  of  the  precipitating  electrons  and  we  have  mapped 
the  electron  energy  input  to  the  atmosphere. 

For  selected  auroral  events  we  show  the  variation  in  elec¬ 
tron  spectral  slope  and  the  variation  in  precipitating  flux  with 
magnetic  local  time.  In  these  events  we  have  found  that  the 
spectral  hardness  increases  toward  midnight  MLT. 
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Electron  Precipitation  Patches  at  High  Latitudes 


W.  L.  IMHOF.  H.  D.  VOSS,  D.  W.  DATLOWE  and  J. 
MOBILIA  (Lockheed  Palo  Alto  Research  Laboratory,  Palo 
Alto,  California  94304) 

Isolated  patches  of  electron  precipitation  at  high  latitudes 
have  been  investigated  with  bremsstrahlung  x-ray  images  (>4 
keV)  and  simultaneous  airglow,  particle  and  plasma  data  ac¬ 
quired  with  the  SEEP  payload  on  the  S81-1  satellite.  Many 
of  these  patches,  which  are  typically  ~200  km  wide,  were  re¬ 
ported  previously  (Imhof  et.  al.  JGR  90,  6515,  1985).  We 
have  now  found  that  some  patches  can  occur  near  each  other. 
Within  a  patch,  narrow  spikes  of  electron  precipitation  were 
frequently  observed  by  the  SEEP  electron  spectrometers  hav¬ 
ing  thresholds  at  2  to  45  keV.  The  temporal  or  spatial  ambi¬ 
guity  of  these  spikes  can  often  be  resolved  with  the  use  of  the 
bremsstrahlung  x-ray  observations.  We  have  used  the  satellite 
data  to  investigate  the  following  characteristics:  1)  the  inten¬ 
sities,  2)  the  shapes,  3)  the  frequency  of  spike  occurrence,  4) 
the  grouping  of  the  patches,  5)  the  correlations  to  interplan¬ 
etary  Bz  and  various  magnetospheric  boundaries,  and  6)  the 
correlations  with  SEEP  plasma  probe  measurements.  The  dis¬ 
tribution  of  the  patches  in  local  time  and  invariant  latitude 
is  peaked  in  the  evening  sector  similar  to  that  of  inverted  V 
events.  The  patches  occur  on  both  open  and  closed  magnetic 
field  lines. 
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Global  Distribution  of  LEP  Bursts 

J.  MOBILIA.  H.  D.  VOSS,  W.  L.  IMHOF  (Lockheed  Palo 
Alto  Research  Laboratory,  Palo  Alto,  California  94304) 

Over  200  lightning-induced  electron  precipitation  (LEP) 
bursts  have  been  identified  with  the  SEEP  particle  spectrome¬ 
ters  on  the  low  altitude  S81-1  satellite.  The  pulse  shape  of  an 
LEP  event  (E>45  kev)  is  characterized  by  a  rapid  rise  in  elec¬ 
tron  flux  (<  0.1  sec)  followed  by  a  decaying  amplitude  (r  ~  1.0 
sec).  The  distribution  of  LEP  events  indicates  a  rather  sharp 
low-latitude  cutoff  near  L«2.0  with  a  peak  frequency  of  occur¬ 
rence  near  L»2.5.  Also  on  SEEP  was  a  quadrant  photometer 
which  was  used  to  map  the  global  distribution  of  lightning 
flashes  at  391.4  and  630.0  nm.  The  geographic  distribution 
of  observed  lightning  flashes  is  consistent  with  the  location  of 
major  thunderstorm  centers.  Comparison  between  the  light¬ 
ning  and  LEP  global  distributions  suggests  that  an  LEP  event 
can  be  observed  several  thousand  kilometers  from  the  lightning 
source  region.  Satellite  data  have  been  used  to  investigate  the 
following  characteristics  :  1)  latitude/longitude  differences,  2) 
conjugate  effects,  and  3)  diurnal  variations. 
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Airglow  Response  to  Energetic  Electron  Precipitation  Compared 
with  Satellite  Observations 

K.A.  SPEAR.  H.D.  VOSS  and  W.L.  IMHOF  (Lockheed  Palo 

Alto  Research  Laboratory,  3251  Hanover  St.,  Palo  Alto,  CA 

94304) 

Theory  and  several  recent  observations  suggest  that  energetic 
electron  precipitation  provides  a  significant  source  of  ionization 
that  can  alter  the  composition  of  the  upper  atmosphere  over  rel¬ 
atively  short  timescales.  Energetic  electron  precipitation  is  fre¬ 
quently  observed  near  the  trapping  boundary  by  the  low  altitude 
Stimulated  Emission  of  Energetic  Particles  (SEEP)  payload  on 
the  S81-1  satellite.  SEEP  X  ray  images  acquired  during  June 
of  1982  indicate  that  precipitation  extends  over  the  entire  in¬ 
strument  field  of  view  (s=700  km)  during  which  time  the  SEEP 
and  NOAA-6  satellite  particle  spectrometers  show  hard  electron 
spectra  (Eq  >  30  keV)  with  energies  at  times  exceeding  1  MeV. 
Theories  governing  airglow  production  and  depletion  as  a  result 
of  enhanced  ionization  are  used  to  estimate  fluxes  of  391.4  nm 
(N^),  215.0  nm  (NO),  and  1.27  microns  (O3).  These  estimates 
are  then  compared  to  391.4  nm  data  from  SEEP  as  well  as  the 
215.0  nm  and  1.27  micron  emissions  from  the  Solar  Mesosphere 
Explorer  (SME)  satellite  for  selected  northern  hemisphere  events. 
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Satellite  Observations  of  Lightning-Induced  Electric 
Fields 

H.D.  VOSS.  W.L.  Imhof,  Y.T.  Chiu,  and  J.  Mobilia,  (Lock¬ 
heed  Palo  Alto  Research  Laboratory,  Palo  Alto,  California 
94304) 

Strong  electric  field  coupling  is  suggested  between  tro¬ 
pospheric  lightning  flashes  and  the  space  environment  based 
on  the  low-altitude  SEEP/S-81  satellite  data.  The  electric 
field  transients  were  observed  as  a  current  transient  in  the 
SEEP  fixed-voltage  Langmuir  probe  in  association  with  the 
direct  measurements  of  lightning  flashes  observed  from  the 
same  satellite.  The  ofTset  voltage  transient  of  the  Langmuir 
I-V  characteristic  is  consistent  with  calculations  of  the  three- 
axis  stabilized  satellite  geometry  in  the  presence  of  an  external 
horizontal  electric  field  of  >10  mV/m.  The  transient  electric 
field  signatures  have  rise-times  shorter  than  the  instrument  res¬ 
olution  of  64  milliseconds  and  recovery  *imes  of  the  order  of 
1  second  at  230  km.  The  SEEP  observations  above  thunder¬ 
storms  include  remote  sensing  of  391.4  and  630.0  nm  lightning 
flashes  and  frequent  in  situ  measurements  between  ioO  and 
270  km  altitude  of  medium  scale  traveling  ionospheric  distur¬ 
bances  (TID),  lightning-induced  electron  precipitation  (LEP) 
and  lightning-induced  electric  field  transients  Thunderstorm 
weather  fronts  have  been  identified  from  weather  satellite  maps 
as  being  located  at  the  391.4  nm  flash  regions.  A  preliminary 
map  of  the  global  distribution  of  horizontal  electric  field  tran¬ 
sients  from  June  to  December  1982  will  be  discussed.  The 
observed  strength  of  the  lightning-induced  electric  field  tran¬ 
sients  may  be  sufficient  to  form  field-aligned  density  irregular¬ 
ities,  drive  ionospheric  currents  and  excite  plasma  waves. 
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Spectral  Mapping  of  Precipitating  Electrons 
with  X-ray  Images  from  a  satellite 


D.  W.  DATLOWE.  W.  L.  IMHOF,  H.  D.  VOSS  (Lockheed 
Palo  Alto  Research  Laboratory,  Palo  Alto,  California  94304) 

X-ray  images  made  in  the  aurora]  zone  have  been  used  to  cre¬ 
ate  two  dimensional  maps  of  the  patterns  of  precipitation  of 
electrons  above  5  keV.  We  present  the  first  systematic  sur¬ 
vey  of  the  auroral  features  found  in  a  set  of  approximately  100 
maps.  Data  from  the  X-ray  imaging  spectrometer  on  the  S81-1 
satellite  are  used  to  calculate  the  fluxes  and  energy  spectra  of 
precipitating  electrons  averaged  over  ~40  km  FWHM  square 
pixels.  The  field  of  view  is  16  pixels  wide,  and  one  image 
is  made  for  each  pass  of  the  satellite  over  the  polar  regions. 
The  shapes  of  the  observed  X-ray  features  range  from  isolated 
patches  and  single  arcs  to  complex  multi-filament  structures. 
Using  the  observed  X-ray  spectrum  in  each  pixel  we  have  de¬ 
rived  maps  of  the  intensity  and  characteristic  spectral  slope  of 
the  precipitating  electrons.  The  characteristic  energy  of  the 
electrons  is  often  nearly  uniform  over  many  pixels,  although 
order  of  magnitude  intensity  variations  may  be  present  on  the 
same  spatial  scales. 
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Fast  Time  Variations  in  the  Energy  Spectra  of 
Electron  Precipitation  Bursts  From  the  Radiation 
Belts 


W.  L.  IMHOF.  H.  D.  VOSS,  M.  WALT,  J.  MOBILIA,  D.  W. 
DATLOWE  and  E.  E.  GAINES  (Lockheed  PaJo  Alto  Research 
Laboratory,  Palo  Alto,  California  94304) 

Short  duration  electron  precipitation  bursts  (>6  keV)  with 
risetimes  of  less  than  1  second  and  decay  times  of  less  than  3 
seconds  have  been  studied  from  the  low  altitude  S81-1  satellite 
at  L  >  2.  The  time  histories  of  the  events  are  often  compara¬ 
ble  in  the  nighttime  and  daytime,  but  the  spectral  variations 
with  time  within  a  burst  are  typically  quite  different.  Spectral 
changes  have  been  observed  on  time  scales  of  less  than  0.1  sec¬ 
ond.  If  the  precipitation  is  caused  by  resonant  wave-particle 
interactions,  the  frequency  variation  of  the  waves  will  influence 
the  time  variation  of  the  electron  energies.  Many  nightside 
events  clearly  show  a  hardening  with  time  which  indicates  res¬ 
onant  precipitation  by  waves  having  a  falling  frequency  with 
time,  a  pattern  characteristic  of  whistlers.  On  the  other  hand, 
this  time  evolution  is  not  evident  in  most  dayside  events.  The 
time  variations  of  the  energy  spectra  and  other  characteristics 
are  consistent  with  the  hypothesis  that  many  of  the  nighttime 
precipitation  events  are  caused  by  lightning  and  the  daytime 
events  by  other  classes  of  waves,  particularly  those  associated 
with  chorus.  The  temporal  variations  in  the  energy  spectra 
and  the  rise  and  fall  times  of  the  events  are  presented  as  a 
function  of  local  time  and  geographic  position. 


EOS  Vol.  68  It 44,  p.1440,  November  3,  1987 


X-RAY  IMAGING  OF  THE  AURORAL  ZONE 
BY  THE  S81-1  SATELLITE 

Datlowe,  D.  W.,  Imhof,  W.  L.,  and  Voss,  H.  D., 

Lockheed  Palo  Alto  Research  Laboratories,  3251 

Hanover  Street,  Palo  Alto  Ca., 94304,  USA 
We  report  on  the  results  of  a  systematic  survey  of  X-ray  im¬ 
ages  of  the  Auroral  Zone  acquired  by  the  X-ray  spectrometer 
on  the  low  altitude  polar  orbiting  satellite  S81-1.  X-ray  im¬ 
ages  from  this  instrument  map  the  precipitation  of  electrons 
with  energies  above  a  few  keV.  The  measurements  use  the 
two-dimensional  mapping  characteristic  of  an  X-ray  imager 
to  view  the  auroral  oval  for  up  to  six  hours  of  MLT  in  a  single 
~  10  minute  observation.  These  images  show  single  or  multi¬ 
ple  discreet  arcs  of  typical  width  ~  100  km  crossing  the  500 
km  instrumental  field  of  view.  We  have  obtained  the  intensi¬ 
ties  and  spectral  characteristics  of  the  precipitating  electrons 
in  many  of  these  arcs  from  the  observed  X-ray  spectra.  The 
average  energies  of  the  energetic  electrons  change  only  slowly 
along  the  arcs,  although  substantial  intensity  variations  are 
seen.  Some  of  these  arcs  serve  to  map  out  the  boundaries  be¬ 
tween  the  plasma  sheet  and  the  polar  cap  or  the  boundaries 
between  the  plasma  sheet  and  belts  of  trapped  particles.  At 
the  location  of  maximum  precipitation  the  energetic  electron 
energy  input  dominates  the  energy  input  by  particles,  but 
391.4  nm  photometer  data  taken  by  the  same  satellite  show 
that  between  arcs  other  sources  of  ionization  must  be  dom¬ 
inant.  These  spatial  differences  mean  that  X-ray  and  pho¬ 
tometer  data  provide  different  information  about  the  origin 
of  particle  precipitation  in  the  auroral  zone. 
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A  SPACECRAFT  MULTICHANNEL  ANALYZER  FOR  A  MULTIDETECTOR 
SOLID  STATE  DETECTOR  ARRAY 

H.  0.  Voaa,  J.  C.  Bakke  and  S.  N.  Roselle 
3251  Hanover  Street,  Building  255 
Lockheed  Palo  Alto  Research  Laboratory 
Palo  Alto,  California  94304 


Abstract 


A  newly  designed  low  power  spacecraft  oultl- 
channel  analyzer  (16  to  256  energy  channels)  has  been 
developed  with  the  capability  of  servicing  a  miltl- 
detector  array  of  solid  state  particle  detectors. 
Various  ayatea  conf lguratlona  are  presented  based  on 
the  requirements  of  a  specific  detector  array  con¬ 
cept.  The  aultldetector-nultlchannel  analyzer  fea¬ 
tures  controllable  energy  and  time  resolution,  eleven 
bit  data  compression,  coapae  tness  (13  *  20  cm  PC 
card),  and  analog  display  outputs  of  formatted  and 
accumulated  data  for  CRT  display  and  microprocessor 
Interface.  Also  featured  Is  the  ability  of  the 
system  to  automatically  accommodate  detector  noise 
level  fluctuations  (e.g.  light,  temperature,  leakage, 
amplifier  gain,  etc.)  among  Individual  sensors. 
Additional  parallel  processing  concepts  permit 
accurate  energy  coincident  logic,  fault  tolerant 
redundancy  and  multiple  energetic  particle  aass 
analysis. 


I.  Introduction 

Pulse  height  analyzers  are  widely  used  In  all 
fields  of  nuclear  radiation  spectroscopy.  Recent 
developments  In  solid  state  detector  Imaging  and 
microelectronics  have  dictated  the  need  for  new 
concepts  In  pulse  height  analysis  with  the  ability  to 
parallel  process  data  from  large  arrays  of  solid 
state  detectors. 

The  fundamental  assumption  for  such  parallel 
processing  Is  the  requirement  that  the  sampling  rate 
be  long  relative  to  the  analysis  time.  For  such 
conditions,  a  high  speed  multiplexing  arrangement  Is 
possible  whereby  multiple  detectors  can  be  serviced 
from  a-  single  analyzer  with  appropriate  memory 
capacity.  Significant  Instrument  performance  Is 
realized  along  with  substantial  savings  In  weight, 
size,  power  and  cost. 

A  completed  design  of  a  parallel  analyzer  Is 
described  for  s  six  detector  particle  spectrometer. 
Unique  features  and  limitations  of  this  analyzer  are 
presented  using  the  various  display  modes  of  the 
microprocessor  interface  circuitry.  Energy  resolu¬ 
tion  Is  selectable  from  16  to  256  binary  stepped 
energy  Intervals  depending  on  the  time  behavior, 
spectral  energy  resolution,  and  spacecraft  telemetry 
readout  rate.  Options  of  the  system  include  the 
possible  use  of  1)  advanced  coincident  energy 
analysle  for  a  multiple  detector  telescope  to  Improve 
signal  to  noise  ratio,  2)  RAM  look  up  tables  based  on 
the  coincident  logic  of  e  telescope  to  define  the 
type  of  energetic  event  and  3)  fault  tolerant  design 
concepts  since  the  multiplexed  front  end  Is  Ideally 
suited  to  backup  an  adjacent  PHA  If  a  failure  occurs. 


II .  Types  of  Parallel  Processing 

Parallel  proijesslng  la  the  ability  of  a  single 
fast  analyzer,  to  scan  a  number  of  variable  pulse 
height  sensor  outputs  and  accumulate  spectra  accord- 
to  energy,  position,  coincident  logic  Identifies- 
tlon  and/or  sensor  location.  In  addition,  parallel 
processing  Is  applicable  to  fast  coincident  or 


an  1 1  col  nc  1  den  t  analysis  of  pvi'ntq  fr^m  both  tele- 
scoplc  arrays  of  detectors  and/or  Individual  ■srnior 
Instruments.  Figure  1  Illustrates  three  basic 
analyzer  methods  for  accumulating  information  from  a 
telescopic  array  of  solid  state  sensors.  In  these 
cases,  the  analysis  of  coincident  pulse  heights  nbove 
certain  thresholds  Is  used  to  give  unique  Information 
about  the  incident  particle  Identity  and  total  energy 
as  Illustrated  in  Figure  2. 
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Figure  1.  Three  analyzer  methods  for  accumulating 
Information  from  a  telescopic  array  of 
solid  state  sensors. 


a  •  Time  Multiplexed  FHA 

The  time  multiplexed  FMA  represented  In  Figure 
la  la  programmed  to  pulse  height  analyze  one  senior 
at  a  time  while  the  other  sensors  provide  coincident 
threshold  Information  for  identifying  valid  events. 
Consequently,  only  one  energetic  particle  type  or 
energy  range  is  analyzed  at  one  time.  After  a 
programmed  dwell  time  the  analyzer  is  stepped  to 
another  sensor  Input  and/or  coincident  logic  configu¬ 
ration.  For  the  Illustrated  case  the  analyzer  steps 
sequentially  through  the  analysis  of  low  energy 
electrons  (el),  medium  energy  electrons  (e2),  high 
energy  electrons  (o3),  lew  energy  protons  (FI),  high 
energy  protons  (P2),  helium  (llel  ,  lithium  M.1  )  and 
oxygen  (O)  Ions.  The  primary  advantage  of  the  system 
in  Figure  la  Is  that  one  small  and  low  power  analyzer 
can  tirtiP  sample  a  number  of  energetic  parti'  le  events 
(coincident  logic  configurations).  The  primary 
disadvantages  are  that  large  time  gipc  exist*  jn  the 

data  and  many  valid  counts'are  ln«r  (i.e.  '  9  of  the 
counts,  per  particle  type,  for  the  system  of  Figure 
la)  since  only  one  particle  type  is  analyzed  at  one 
time  (duty  cycle). 
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Figure  2,  Analysis  of  coincident  pulse  heights  above 
certain  thresholds  is  used  to  give  unique 
information  about  the  incident  particle 
identity  and  total  energy. 

b.  Stacked  PHA 

The  stacked  PHA  concept  shown  in  Figure  lb 
eliminates  the  disadvantages  of  the  time  multiplexed 
PHA  since  several  PHA*  a  are  used  In  parallel  to 
Improve  the  time-statistics  and  duty  cycle.  The 
various  particle  types  and  energy  ranges  are  accumu¬ 
lated  in  parallel  as  shown.  Other  advantages  of  the 
system  in  Figure  lb  include  redundancy  and  tailoring 
of  each  analyzer  to  the  type  of  particle  measured 
(i.e.  variable  number  of  energy  channels  and  accumu¬ 
lation  time).  The  obvious  disadvantages  are  In¬ 
creased  weight,  size,  power  and  cost  which  usually 
limits  this  concept  to  a  maximum  of  two  PHA  units  for 
spacecraft  applications. 

c.  Parallel  PHA 

A  completely  parallel  system  which  minimizes  the 
above  logistical  constraints  Is  illustrated  In  Figure 
lc.  Here,  each  pulse  height  event  Is  momentarily 
Stored  with  a  peak  hold  circuit  for  each  detector. 
Depending  on  the  validity  of  the  time  coincident  and 
pulse  height  coincident  logic  thresholds  the  appro¬ 
priate  detector  Is  selected  by  the  multiplexer  and 
analyzed.  The  resultant  count  is  stored  or  accumula¬ 
ted  at  the  specified  memory  location  based  on  the 
pulse  height  and  coincident-threshold  logic  decision. 
The  basic  assumption  of  such  an  analysis  scheme  is 
that  the  digital  PHA  analysis  time  (e.g.  I  v  sec 
using  a  high  speed  digitizer)  Is  usually  much  faster 
than  the  rate  at  which  we  wish  to  sample  and  accumu¬ 
late  data  or,  in  general,  is  limited  by  the  analog 
electronics  throughput  rate  (e.g.  ICr  Hz),  For  a  1  u 
sec  analysis  time  it  follows  that  ten  spectrometers 
could  he  pulse  height  analyzed  every  10  u  sec  at  the 
maximum  throughput  rate  of  each  spectrometer.  For 
PHA  applications  which  do  not  requ '  that  every 
pulse  be  analyzed  at  the  maximum  throughput  rate  of 
the  front-end  electronics  (l.e.  a  sampling  of  Input 
spectra  la  sufficient)  then  many  more  additional 
spec t r ome t e r  Inputs  may  be  multiplexed  into  the 
parallel  PHA  for  analysis. 

In  general,  the  Coincident  timing  logic  and 
amplitude  Threshold  Logic  (CTL)  must  exist  as 
separate  boxes  (i.e.,  stacked)  for  each  identi¬ 
fication  mode  of  interest.  However,  in  most  cases 
there  Is  sharing  of  coincident  nnd  threshold  logic 
signals  for  the  various  modes  and  thus  less  elec¬ 
tronics.  Furthermore,  the  fortuitous  accompaniment 


of  additional  thresholds  in  the  CTL,  for  all  the 
designed  modes,  may  be  intelligently  used  to  Improve 
the  particle  identification  algorithm.  To  insure 
that  a  saturating  count  rare  of  one  particle  type 
(e.g.  low  energy  electron  mode)  tine*;  not  preclude  the 
analysis  of  other  low  count  rate  particle  tvpes,  it 
is  necessary  to  use  a  sequentially  stepped  priority 
interrupt  for  initiating  PHA  analysis. 

For  redundancy,  it  is  usually  host  fn  implement 
two  parallel  TIIA '  s  with  each  «*rrvir!|tf»  |»  i  I  f  t  he 
spectrometers  at  the  maximum  sampling  rale.  Mmp  the 
multiplexed  front  end  of  a  parallel  PHA  is  ideally 
suited  for  Incorporating  additional  spectrometers  a 
single  analyzer  ran,  if  need  hr,  process  all  the 
spectrometers  at  half  the  sampling  rate.  $ome  of  the 
advantages  of  a  parallel  process  design  are  sum¬ 
marized  as  follows: 

o  Dramatic  reduction  in  size,  weight,  power  and  cost 
for  the  equivalent  analysis  capability  of  an 
alternate  method 

o  Ability  to  analyze  multiple  spectrometers  (usually 
U  to  128) 

o  No  time  gaps  (100^  duty  cvcle)  or  significant 
statistical  count  rate  loss  in  any  of  the  spectro¬ 
meters 

o  Ideally  suited  for  microprocessor  interface  or 
direct  readout  since  accumulated  and  formatted  In 
a  single  RAM 

o  Saturation  protection  of  high  count  rates  In  any 
channe 1 

o  Allows  for  fault  tolerant  redundancy 

The  primary  disadvantage  of  a  parallel  processor 
Is  that  special  attention  must  be  given  to  cross  talk 
in  very  high  energy  resolution  systems  using  one  A-D 
converter.  Multiple  A~D  converters  with  digital 
multiplexing  or  a  low  impedance  front-end  eliminate 
this  problem. 


III.  Sampling  Techniques 


a.  First  Serve  Sampling  (RS) 


The  standard  technique  for  sampling  pulse  height 
spectra  Is  based  on  the  analysis  of  the  first  pulse 
which  exceeds  some  threshold  voltage,  V^t  above  the 
noise  in  the  nccumulat ion  interval,  t.  This  tech¬ 
nique  is  simple  to  Implement  and  preserves  the 
original  spectral  form.  This  first-come,  first-serve 
sampling  procedure  is  Illustrated  In  Figure  3  for  rhe 
case  labeled  R.  Although  this  technique  is  appeal¬ 
ing  for  many  applications  and  Is  mandatory  for 
coincident  logic  detector  systems,  there  are  some 
significant  limitations  (particularly  in  spacecraft 
instrument)  associated  with  first-serve  sampling. 
These  limitations  Include: 

o  The  requirement  of  many  rommandahle  thresholds,  V  , 
for  each  detector  in  order  to  insure  the  lowest 
energy  thresholds 

o  The  loss  of  all  data  when  a  saturating  high  count 
rate  environment  of  low  energy  particles  Is 
encountered  above  the  threshold,  V^. 

O  The  necessity  of  sotting  to  the  maximum  level 
of  the  noise  expected  over  an  extended  period  -if 
time  (e.g.  orbit  related  noise  due  to  temperature, 

1 1 ght ,  etc . ) 

o  The  significant  reduction  in  the  number  of  high 
pulse  height  events,  where  the  numher  of  monf*, 
are  fewest  to  start  with,  since  most  sport  rums  in’ 
rapidly  falling  with  increasing  pulse  height. 
First  serve  sampling  greatlv  favors  tin’  plentiful 
low  energy  counts  while  masking  the  high  energy 
counts 

o  The  requirement  of  a  singles  rate  counter  r " 
correct  for  anal vrer* dead t i me 


o  The  lack  of  continuous  lnfonaatlon  about  the  noise 
spectral  ahape 

o  The  loss  of  energy  analysis  capability  below  the 
threshold  V_ 
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technique.  The  ability  of  the  peak  detect  system  to 
automatically  accommodate  detector  noise  level 
fluctuations  Is  illustrated  by  the  point  labeled  2, 
For  high  count  rate  environments  (count  rate  > 
sampling  rate)  spectral  deadtime  corrections  are 
required  as  shown  In  Figure  4  and  the  next  section. 
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Figure 


Example  of  peak  sampling,  P,  and 
first-serve  sampling,  R,  for  energetic 
pulse  events  In  the  time  interval  t.  Note 
that  P  sampling  follows  the  noise  level 
and  records  the  maximum  peak  In  Interval  t 
while  R  sampling  records  zeros  In  the 
absence  of  events  above  and  records  the 
first  peak  In  the  Interval  t. 


b.  Peak  Sampling  (PS) 

Most  of  the  above  problems  can  he  eliminated  by 
using  a  scanning  technique  which  records  only  the 
maximum  pulse  peak  In  the  time  Interval  t  (labeled  P 
In  Figure  1).  This  scanning  technique  may  be  pre¬ 
ferred  In  single  spectrometer  application  where  only 
anticoincidence  Is  encountered.  This  sampling 

technique  Is  not  applicable  to  coincident  telescope 
systems.  At  time  t  "  0,  1,  2,  ...N,  the  peak  detect 
circuit  Is  read  and  reset  to  zero.  During  anticoin¬ 
cidence  It  Is  reset.  Although  spectral  deadtime 
corrections  are  necessary,  as  shown  In  the  next 
section,  they  are  not  Irreversible,  and  the  true 
spectrum  may  be  recovered  assuming  that  certain 
restrictions  are  placed  on  the  length  of  the  sampling 
Interval  t.  The  Incentives  for  this  sampling  tech¬ 
nique  Include: 

o  Elimination  of  the  lower  analysis  threshold  logic 
and  thus  no  command  overhead  and  operational  sim¬ 
plicity  are  realized 

o  No  loss  of  data  In  the  advent  of  a  noise  burst  or 
a  saturating  high  count  rate  of  low  energy 
particles 

o  Realization  of  lowest  possible  energy  thresholds 
o  Good  statistics  for  the  highest  energy  counts 
which  are  usually  fewest  in  number.  The  plentiful 
low  energy  counts  do  not  mask  the  Infrequent  high 
energy  counts 

o  The  continuous  recording  of  the  noise  distribution 
provides  Information  about  the  engineering  status 
of  the  Instrument  and  the  Integral  low  energy  flux 
contribution  to  the  noise  level 

In  Figure  4  a  pulse  height  spectrum  Is  Illus¬ 
trated  for  the  case  of  comparing  the  first-serve  and 
peak  detect  sampling  techniques.  The  point  labeled  I 
Is  the  lowest  energy  (1.5  keV)  which  can  be  measured 
(slgnal-to-nolee  ratio  of  1)  with  the  peak  sampling 


ENERGY  (keV) 

Figure  4.  Comparison  of  pulse  spectrum  and  threshold 
for  peak  sampling  and  first-serve  sam¬ 
pling. 

c .  Spectral  Deadtime  Correction  with  Peak  Sampling 
Technique 

Although  spectral  deadtime  corrections  are 
required  for  the  peak  sampling  technique,  since 
counts  of  high  pnergy  have  prtorlrv  In  the  lutervnl 
t,  the  original  spectrum  may  he  reconst rurted .  The 
basis  for  reconstruction  Is  the  random  nature  of  the 
Incident  particle  flux  which  permits  the  utilization 
of  the  Poisson  probability  distribution  given  by; 


P  (t) 
n 


exp  (-It) 


where  P  (t)  denotes  the  probability  that  n  particles 
will  be  detected  In  a  t-second  Interval  and  1  Is  the 
mean  count  rate.  P  (t)  Is  the  probability  that  no 
counts  occur  in  the  fnterval  t,  hence,  I -P  (t)  is  the 
probability  that  one  or  more  events  will  occur.  For 
a  peak  detect  sampling  technique  the  further  restric¬ 
tion  must  be  made  that  no  particle  with  energy  great¬ 
er  than  nn  energy,  F. ,  will  occur  In  the  interval  t. 
The  probability,  P,  that  n  count  o(  energy  F.  will  be 
observed  In  the  Interval  t  Is  given  as; 


P  ”  |1  -  P  (of  count  E)](P  (of  all  counts  >  F. )  1  (2) 
o  o 

This  may  be  solved  for  -i  gener.il  source  spec¬ 
trum,  Fg(R),  to  give  the  distorted  peak  sampling 


spectrum  Fp(K); 


F  (E )“  }(l-exp(-  t  F  ( F, ) ) )  exp(-t  >  F  (F.)dF.)  O) 


Various  numerical  methods  ire  available  which  Iterate 
hack  from  an  arbitrary  measured  Input  spectrum, 
Fp(E),  to  the  source  spectrum  F^(F.K  The  true 
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spectrum  Is  derived  readily  from  the  me  .inured 
spectrum  by  starting  a  t  the  highest  energy  rhanneL 
and  worktng  back  to  the  lower  energy  channel*.  At 
each  energy  channel  the  corrected  Integra!  counts 
greater  than  E  are  used  to  calculate  the  deadtlme  for 
channel  E.  Using  this  procedure  equation  3  may  be 
solved  for  the  true  source  spectrum  a9 


FS(F.)  -  j  ln(I  +  tFD(R)  eKp  (t  /  F^  ( E  )4l  ) )  (4) 


Parallel  Processor  Design  with  Peak  Sampling 


A  block  diagram  of  a  six-channel  parallel 
processor  Is  shown  In  Figure  5  and  a  photo  of  the 
processor  In  Figure  6.  Variable  pulse  height  signals 
from  the  six  sensors  are  each  routed  for  analysis  to 
a  peak  detect  circuit  (OEl  5902)  and  to  ar.  analog 
multiplexer.  Each  peak  detector  circuit  Is  allowed 
to  track  and  hold  the  highest  peak  value  of  Its  Input 
pulses  over  a  time  Interval,  t  (e.g.,  30  user).  The 
read  and  reset  of  each  peak  detect  circuit  Is 
controlled  by  the  master  clock  strobes  In  such  a  way 
that  a  continuous  and  sequential  scan  Is  made  of  each 
detector.  During  the  read  cycle  of  a  particular 
detector,  the  output  of  the  peak  detector  Is  compared 
with  Its  Input  In  the  coincident  logic  circuit.  If 
an  Input  pulse  is  currently  raising  the  peak  detector 
output  the  sample  and  hold  trigger  Is  delayed  tin  til 
the  Input  pulse  peak  value  Is  reached.  After  the 
read  strobe  the  peak  detector  output  is  reset  to  2ero 
providing  the  concldent  logic  finds  no  negative  slope 
on  the  Input  signal. 

Simultaneous  with  the  reset  command,  the 
2  56-channe  l  ana  1 ng-tn~d I g I  ta  I  converter  Is  activated 
and  the  resulting  digital  pulse  height  (8  hits)  Is 
placed  on  the  address  bus  of  a  24-kbit  RAM.  Also 
placed  In  the  address  bus  of  the  RAM  are  the  three 
hits  which  specify  which  detector  Is  being  processed. 
The  content  of  this  memory  cell  (12  b(ts)  fs  read 
Into  the  ALU  or  fast  counter,  Incremented  by  one  and 
then  read  back  into  the  memory  cell.  The  multi¬ 
plexers  are  stepped  to  the  next  detector  and  the 
above  process  Is  repeated. 

Since  the  accumulate  function  is  well  defined, 
the  use  of  sequential  strobes  from  a  master  timer  is 
significantly  faster  than  with  a  microprocessor. 
However,  the  microprocessor  Is  well  suited  to 
formatting,  compressing,  and  editing  the  acctimu lated 
RAM  contents  using  direct  memory  access  (DMA)  or,  in 
our  case,  by  using  two  memory  banks;  one  for  accumu¬ 
lation  while  the  other  Is  used  for  readout.  An 
address  counter  was  used  to  sequentially  step  through 
the  entire  readout  RAM.  The  RAM  data  compressor 
packs  the  !  l-blt  sum  Into  an  8-hlt  byte  for  serial 
Interface  with  the  satellite  telemet-y. 

The  contents  of  the  data  bus  and  address  bus 
can  be  Interrogated  during  any  of  the  strobed  time 
steps  using  the  two  12-bit  latches  and  dlgital-to- 
analog  converters  as  shown.  For  example,  during  the 
read-out  strobe,  the  data  bus  D-A  converter  would 
produce  a  pulse  height  spectrum  on  an  oscilloscope. 

The  variable  resol utlon  function  of  the 
analyzer  was  particularly  effective  as  a  research 
tool  since  the  energy  and  time  resolution  was 
selectable.  The  numbers  of  energy  channels  selected 
were  lb,  32,  64,  128,  or  256  while  the  time  required 
for  a  spectral  scan  would  correspondingly  be  h4f  128, 
256,  512,  or  1024  msec.  This  variable  resolution  is 
essential  for  studying  a  wide  range  of  phenomena  when 


Figure  6.  Photo  of  six  spectrometer  PHA. 


the  output  data  rate  Is  limited  to  a  f  l  vod  value. 
The  variable  resolution  capability  was  simply  Imple¬ 
mented  hy  latching  high  t he  lowest  order  hits  of  the 
pulse  height  address.  Likewise t  the  address  counter 
was  preset  with  the  latched  high  hits  and  incremented 
by  one  to  obtain  the  rorrert  readout  increment. 

An  example  of  the  multiplexed  HI  A  output  (low 
gain  setting  for  spectrometer  Input  2)  is  shown  in 
Figure  7  for  an  Am  24j  source.  The  surface  barrier 
detector  used  Is  50  mm  hy  i  mm  thick  and  i  s  operated 
at  room  temperature  (6  keV  FWI1M).  !his  figure,  also 
illustrates  the  use  of  the  peak  sampling  technique 
compared  to  a  threshold  voltage  (first  serve  samp¬ 
ling),  If  used,  of  Vf. 

r.HM  UV  (  l  f’V  1 


Vn 1 \ nun 

Figure  7.  Output  of  spectrometer  ?  on  the  multi¬ 
plexed  PHA  using  peak  sampling. 


V .  Cone  lust  on 


Parallel  PHA  processing  °f  >  mu  !  M  de  r  e  r  n  r 
array  of  detectors  is  advantageous  for  most  applica¬ 
tions  compared  to  t  i  me -mu  1 1  i  p  1  e  v cd  't  st  irked  Fl,\ 
methods,  particularly  fn  Spare  I  ns  r  r  m-’n  r  i 1  i <nj ,  The 
Implementation  of  peak  sampling  *  e  -  h  n l q u  o s  for 
spectrum  analysis  offers  many  ndvan*  iges  compared  to 
first-serve  sampling  when  rolnrldepr  !  eg  1  <;  is  iv>f 
required.  The  design  of  a  six  spectrometer  Input  Hi  \ 
system  indicates  that  sroa  1  1  sice  m  hp  realized 
without  sacrificing  analyzer  performing*. 
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Abstract 

The  low  temperature  characteristics  of  silicon 
surface  barrier  detectors  have  been  Investigated  to 
obtain  high  resolution  energetic  particle  and  x-ray 
measurements  for  spacecraft  applications.  Relatively 
simple  electrical  and  thermal  coupling  techniques 
were  implemented  such  that  largj  detector  array 
concepts  are  feasible,.  For  a  50  mm  by  1.5  mm  deple- 
.  tlon  depth  suij^ace  barrier  detector  cooled  to  -80°C 
-the  x-ray  resolution  Is  800  eV  FWHM  using  an  AC 
coupled  spacecraft  Instrument  preamplifier.  Detector 
system  design  and  calibration  results  are  presented 
for  a  spacecraft  Instrument  using  both  passive 
radiators  and  thermoelectric  coolers.  Energy  loss 
rates  In  the  dead  zone  region  are  given  for  energetic 
electrons  with  gold  and  aluminum  surface  deposits  on 
the  detectors. 


1.  Introduction 

Cooled  silicon  solid  state  detectors  offer  many 
new  advantages  for  spacecraft  applications  since  high 
energy  resolution  (1  keV  FWHM)  and  low  energy 
thresholds  (2  keV)  are  achievable  while  maintaining 
continuous  particle  registration  over  the  energy 
range  2  to  >2,000  k«V.  Consequently,  many  new 
magnetospherlc  and  Ionospheric  particle  events  will 
be  studied  for  the  first  time.  Additional  advantages 
of  a  cooled  solid  state  detector  Include: 

•  Large  sensitive  area  (e.g.  10  cin  )  and  resulting 

geometrical  factors  for  recording  low  flux  levels  • 

•  Fast  cflarge  collection  resulting  In  short  dead- 
times  for  high  counting  rate  environments 

•  Small  sensitive  volume  to  minimize  background 
radiation 

•  Linear  pulse  helght-to-energy  ratio 

•  High  detection  efficiency  for  energetic  particles 

•  Relatively  low  bias  voltage  (<  500  volts) 

•  Good  gain  stability 

s  Sensitivity  to  energetic  electrons,  Ions,  neutrals 
and  X-rays' 

•  Operation  not  affected  by  typical  magnetic  or 
electric  fields  In  the  vicinity  of  the  solid-state 
detector 

•  Rugged-compact  detectors  for  easy  application  In 
space  Instrumentation 

The  disadvantages  of  a  cooled  detector  are  the 
susceptibility  of  some  semiconductors  to  radiation 
damage,  the  requirement  for  cooling  the  solid  state 
sensor  and  the  mass  defect  associated  with  heavy  Ion 
measurement . 

This  paper  presents,  for  the  first  time, 
calibration  results  from  a  spacecraft  Instrument 
using  cooled  surface  barrier  detectors  for  the 
measurement  of  energetic  electron  (E  >  2  keV)  and  Ion 
fluxes  with  h^g^  spectral  resolution.  Previous 
Investigations  have  shown  that  cooling  of  a 
surface  barrier  detector  significantly  reduces  the 
system  noise.  However,  application  of  this  techno¬ 
logy  Is  only  now  being  realized.  Detector  evaluation 
and  characterization  results  are  presented  first 
based  on  theoretical  analysis  and  experimental 
observations  followed  by  results  obtained  from  a 
completed  spacecraft  Instrument. 


II.  Apparatus  and  Typical  Results 

A  schematic  of  the  cold-vacuum  test  chamber, 
which  was  used  to  study  experimentally  the  character¬ 
istics  of  various  detector  configurations.  Is  shown 
in  Figure  1.  Air  roughing,  liquid  nitrogen  absorp¬ 
tion,  and  vac-ion  pumps  were  used  to  eliminate 
chemical  contamination  within  the  chamber.  A  vacuum 
feed-through  cold  finger,  coupled  to  the  detector 
mount,  controls  the  temperature  of  the  test  detector 
by  dipping  Into  a  liquid  nitrogen  dewar.  Micro- 
phonics  were  therefore  eliminated  by  this  technique 
since  no  coolant  was  circulated  within  the  chamber. 
A  resistive  heater  In  the  thermal  path  controls  the 
temperature . 

Commercially  available  surface  barrier  detectors 
were  used  with  the  only  special  requirement  being 
that  cryogenic  epoxy  was  substituted  for  standard 
epoxy  In  the  fabrication  process.  Both  p-  and  n-type 
partially  depleted  and  n-type  totally  depleted 
detectors  were  used  with  depletion  depth^  of  1500  to 
2000  microns  and  areas  from  25  to  150  mm" .  The  gold 
barrier  surface  deposit  has  either  25  or  40  ug  cm 
evaporation  and  the  aluminum  contact  40  to  60  ug 
cm 

Calibration  of  the  detector  and  spacecraft 
amplifying  system  was  performed  using  x-rays  from 
A a  241,  Cd  109,  Fe  55  and  Co  57  sources.  Electron 
measurements  were  made  with  various  conversion 
electron  radioactive  sources.  Thermocouples  were 
located  on  the  detector  mount  and  cold  finger. 

A  typical  Am  2^1  X-ray  spectrum  Is  shown  In 
Figure  2  for  a  50  mm  x  2  mm  surface  barrier  detec¬ 
tor.  The  complete  spacecraft  Instrument  amplifier, 
preamplifier  (Section  III)  and  detector  mounting 
hardware  (section  V)  were  used  to  generate  this 
spectrum.  At  a  temperature  of  -80  C  the  X-ray 
resolution  was  0.8  keV  1 .1101  for  the  AC  coupled 
electronics  (2  Usee  time  constant  and  bias  and 
feed-back  resistors  of  5000m  ohm  each).  These 
results,  obtained  from  a  relatively  stra  ightforword 
solid  state  detector  and  front-end  electronics 
design,  allow  for  a  new  class  of  spaceborne  low 
energy  particle  spectrometers. 


Figure  I.  Cold  Vacuum  Test  Chamber 
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Figure  2.  A  typical  high  resolution  Am241  spectrum 
obtained  with  a  cooled  surface  barrier 
detector  and  the  space  Instrument 
electronics. 


III.  Practical  Considerations 


particle  (3.7  eV  for  electrons  In  silicon).  The 

bandgap  for  silicon  Is  1.12  eV;  however,  only 
approximately  30Z  of  the  Initial  energetic  particle 
energy  Is  effectively  used  for  carrier  production 
while  the  rest  Is  lost  to  Raman  phonon  emission  and 
electron  thermal  losses  to  the  lattice.  For  a  1  keV 
energetic  electron  within  the  depletion  region  the 
gen^yated  charge  Is  270  electron-hole  carriers  (4  x 
10  coulombs).  For  the  circuit  of  Figure  3  with 
"  O.lpf  the  resulting  output  voltage,  Is  0.4  mV. 

When  the  three  Independent  and  uncorrelated 
voltage  noise  sources  are  connected  In  series  the 
total  power  is  the  sum  of  the  Individual  source 
powers.  Consequently,  the  root-mean-square  voltage 
sources  must  be  added  In  quadrature  such  that  the 
total  RMS  noise,  ,  Is  given  by 


EH0(RMS) 


hi 

if2 


♦  c;  v, 


T  NT 
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where  from  basic  theory 

-  2<Vf 


■ 


a 
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The  basic  semiconductor  equations  are  applied 
with  the  electrical  circuit  equations  to  derive  the 
functional  dependence  of  system  noise  (l.e.  energy 
resolution)  on  such  variables  as  detector  tempera¬ 
ture,  bias  voltage,  resistivity  and  amplifier  noise 
and  time  constant.  The  following  analysis  applies  to 
both  AC  and  DC  coupled  amplifier  designs.  However, 
we  have  used  the  AC  coupled  configuration  for  our 
spacecraft  application.  This  was  necessary  since  we 
required  operation  of  the  detector  at  equivalent  room 
temperature  leakage  currents  Introduced  from  temper¬ 
ature  fluctuations,  radiation  damage  and  low  light 
level  sensitivity. 

Total  noise  of  the  AC  coupled  preamplifier  with 
a  6pf  Input  capacitor  was  0.7  keV  FVHM  for  a  3 
microsecond  shaping  time  constant.  This  total  system 
noise  Is  less  than  the  energy  loss  of  particles  in 
the  dead  tone  layer  and  therefore  complex  optical 
feedback  and  FET  cooling  requirements  are  unneces¬ 
sary. 

a.  Noise  Model  Analysis 

The  circuit  schematic  and  AC  equivalent  circuit 
of  the  detector  and  preamplifier  front  end  are  shown 
in  Figure  3.  Th«^  field  effect  transistors  Q.  and  Q2 
are  hand  selected  ,  and  cascaded-coupled  as  shown  for 
minimizing  noise  since  a  constant  voltage  Is  applied 
to  the  Input  FET.  The  equivalent  circuit  capaci¬ 
tance,  C^,  Is  the  sum  of  the  detector  and  Input 
circuit  capacitance.  The  resistance,  R.^,  Is  the 
parallel  combination  of  R_  and  R^.  The  current 
source,  1*  the  sum  of  the  detector  leakage  cur¬ 

rent  (shot  noise),  I.,,,  and  resistor  current  noise, 
I^.  The  voltage  noise  source,  V  ,  Is  the  equiva¬ 
lent  noise  developed  In  the  first  amplifying  device. 

The  three  current  sources  can  now  be  transformed 
Into  three  series  voltage  sources  by  dividing  them  by 
using  Thevenln's  theorem  as  shown  In  Figure  3c. 
The  signal  output,  V  ,  Is  given  by: 


where  q  is  the  elementary  charge,  E  the  energy  of  an 
Incident  particle  and  c  the  effective  number  of 
electron-hole  carriers  produced  by  an  energetic 


Figure  3.  a)  Circuit  Schematic,  b)  lumped  Noise 
source  and  Impedance,  c)  Transformed  Noise 
sources . 

and  T  Is  the  temperature  In  Kelvin,  a  f  the  bandwidth 
or  reciprocal  time  constant,.  T,  of  the  amplifier  and 
R  the  equivalent  Johnson  noise  sourre  developed  in 
tfii  first  amplifying  device  based  on  thp  majority  of 
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carriers  In  the  channel.  Note  that  the  amplifier 
noise  Is  the  only  noise  source  which  la  affected  by 
the  Input  capacitance.  The  signal  to  noise  ratio. 


S/N,  Is  given  by  V^/E^2. 


it  Is  also  convenient  to 


express  E„Q  not  only  In  terms  cf  the  true  RMS  noise 
voltage  (l.e.  o  or  standard  deviation  for  Gaussian 
noise)  but  also  In  terms  of  spectral  line  width;  that 
Is  the  full  width  at  half  maximum  (FWHM)  where 


(FWHM)  -  2(2  In  2)°*5  EN()  (RMS) 


(4) 


-  2.35  Eno  (RMS) 


Equations  2,  3  and  4  may  be  combined  to  give: 


eno(fwhm) 


2> 


(5) 


b.  Resistive  Noise 


To  achieve  a  low  noise  design  each  noise  term  In 
equation  5  must  be  minimized.  The  preamplifier 
noise,  R  ,  associated  with  a  particular  equivalent 

■  -  -  -  -  -  -  -  5  -  ■  •  C 

LT' 


detector 'Input  capacitance,  C_,  Is  chosen  first.  A 
hand  selected  low  noise  FET  operating  at  room 
temperature  with  simple  RC  feedback  will  give  noise 
resolutions  of  0.8  keV  FWHM  for  a  capacitance,  C  , 
of  12  pF  (l.e.  R  Is  200  Q).  At  6  pf  input  capac¬ 
itance,  E^  is  O.S^keV  FWHM.  Lower  noise  Is  achieved 
by  reduclr  the  temperature  of  the  Input  FET  and  by 
using  optical  feedback  in  place  of  the  feedback 
resistor  Rj.  For  large  capacitance  detectors  the  use 
of  parall^ly  Input  FET's  and  FET  cooling  may  be 
necessary.  * 

The  bias  resistance,  R^,  Is  usually  chosen  as 
5000  M  ohm  for  a  cooled  solid  atate,0detector  since 
the  leakage  current,  I.,  Is  low  ( <10  U  Amps)  and  the 
Introduced  resistive  noise  Is  less  than  0.5  keV.  For 
spacecraft  instruments  the  leakage  current  may 
increase  due  to  radiation  damage,  low  light  Intensity 
and  degradation  of  the  cooling  system  with  time.  By 
choosing  a  lowjr  value  of  R^  the  resistive  noise  will 
Increase  (e.g.  0.8  keV  for  T 000  M  ohm),  however,  the 
detector  will  be  sufficiently  biased  for  good 
operation  at  room  temperature  (0.3  uA).  The  applied 


voltage,  ’fer-eus  noise  characteristics  at  various 

temperatures  are  given  In  Figure  4  for  two  different 


detectors.  The  selection  of  an  operating  bias 
voltage  Is  predicated  on  the  maximum  voltage  the 
detector  can  tolerate  and  the  worst  case  leakage 
current. 


c.  Leakage  Current  Noise 


Equation  5'  may  be  used  to  quantify  the  experi¬ 
mental  measurements  Illustrated  In  Figure  4  by 
Including  the  relationships  for  leakage  current  and 
detector  capacitance  as  a  function  of  temperature. 

The  detector  capacitance  varies  with  applied 
high  voltage  and  thus  depends  on  the  leakage  current 
and  bias  resistance,  R^.  The  capacitance  behaves 
like  a  parallel  plate  capacitor  about  the  depletion 
region  and  may  be  represented  as: 


Cd  " 


C„  c  S 
R  0 


(7) 


where 


Vvd +  V 


0.5 


2  vqN 
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and  W  1 8  the  width  of  the  depletion  region  (linear 

ssumed),  CR  Is  the  relative 
the  permeability  of  free 


electric  field  variation  assumed),  CR  is  the  relative 
dielectric  constant,  c 

space,  S  the  surface  area  of  the  depletion  region,  V 


the  diode  equilibrium  voltage  (0.7  volt  for  SI),  N 
the  net  density  of  carriers  in  the  lightly  dope! 


depletion  region  and  V,  the  voltage  across  the 

d . 


detector.  The  total  capacitance  may  be  experimental¬ 
ly  derived  from  the  lowest  temperature  characteristic 
curve  of  Figure  4  where  the  leakage  current  term 
becomes  negligible.  For  this  case: 


(Vw  +  v  ) 
a  o 


_ +  A 

0.5  a2 


(8) 


where  A,  and 


Aj  are  experimental  constants.  The 
noise  term,  C_  V  of  equation  2  is  plotted  In 
Figure  4a  for  given  by  equation  8  when  Aj  equals 
144  pf  and  A£  equals  +2.4  pf . 

The  dependence  of  on  temperature  is  given  by 
the  product  of  the  depletion  volume  (W*S)  times  the 


Intrinsic  carrier  density  ,  n 


1 ' 


K"l(Vd  +  V< 


,0.5 


(9) 


where 


-  2.8*1016  T1,5  exp  (-6450/T)  cm'3 


and  K  Is  a  constant  based  on  the  room  temperature 
leakage  current  of  a  fully  biased  detector.  As 
illustrated  In  Figure  5,  the  leakage  current  noise 
(2ql(jt)  versus  temperature  Bhowa  good  agreement  with 
experimental  data. 


FlRure  4.  Detector  A.  and  R  applied  voltage. 


versus  nnlsp  characteristics  at  various 
temperatures . 
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The  detector  voltage,  V^t  depends  on  the  leakage 
current  and  thus  voltage  drop  across  the  bias  reals- 
tor  (V  *  VHV~^dRB^  ®uch  that  equation  9  becomes: 

k2  n  2  [  _  ~ 

xd  -  -S  +  V’S2  +  4(vhv+V/(k\2)  <10> 

d.  Total  Nolge 

The  total  noise  of  the  system  as  a  function  of 
temperature,  applied  high  voltage,  bias  resistance, 
leakage  current  and  time  constant  Is  given  by: 


■>  / n nn. \  2*35  ,  .  . ^kT : 

EjjQ(FWHM)  2qldr*  p 


V 

'  A1 

V+VHV-Vd  +*2 


•there  1^  Is  given  by  equation  10  and  8  Is  a  constant. 


of  ranges_^bout  their  mean  value.  For  a  typical 
40  ug  cm  gold  junction  the  mean  range  Is  1.1  keV 
and  the  range  straggling  Is  2.5  keV.  _2 

We  have  also  experimented  with  a  25  ug  cm  gold 
surface  barrier  detector  with  good  results.  For  this 
case,  the  window  thickness  is  only  0.5  keV  for 
electrons  and  the  straggling  range  1.2  keV.  The 
significance  of  this  straggling  range  at  low  energies 
Is  the  reason  for  Including  an  energy  dependent 
transmission  term. 
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Figure  5.  Noise  versus  temperature  for  two  n  type 
surface  barrier  detectors. 


IV .  Window  Thickness 

The  entrance  window  thickness,  x,  or  dead  layer 
for  energetic  charged  particles  must  be  extremely 
thin  since  energy  lost  here  does  not  contribute  to 
generation  of  charge  carriers  In  the  depletion 
region.  Fortunately  thl q  la  the  rase  for  airfare 
barrier  detectors.  Ewing  and  Rav  and  Barnett  have 
found  that  the  depletion  region  for  low  resistivity, 
n-type  detectors  extends  completely  to  the  gold 

contact  (200SI  or  40  ug  cm  ^).  Forrlnal*^  has  shown 
that  for  high  resistivity  detectors  (0  >  10  q-hb) 
the  entrance  window  Includes  a  thin  dead  rone  of 
silicon  which  may  be  reduced  or  eliminated  with 
Increased  detector  bias  voltage. 

^  particularly  useful  set  of  data  given  bv 
Tung  on  the  range  and  range  straggling  of  energetic 
electrons  (E  <  10  keV)  n  told  and  aluminum  foils  Is 
shown  In  Figure  6.  The  range  straggling  (dashed 
curves)  is  s  measure  of  the  statistical  distribution 


Figure  6.  Range-energy  curves  In  ppld  and  Aluminum 
for  energetic  electrons. 


A  Spacecraft  Low  Energy  Particle  Spectrometer 


A  cross-sect lona 1  view  of  the  particle  spectrom¬ 
eter  Is  shown  in  Figure  7.  The  silicon  surface- 
barrier  detector  Is  held  In  place  bv  a  thin  wall 
(0.010  Inch)  fiberglass  cylinder.  Two  electrically 
Insulated  thermal  cold  fingers  are  attached  to  the 
detector  housing  and  provide  cooling  from  either  a 
four  stage  thermoelectric  cooler  or  bv  a  copper 
manifold  connected  to  a  passive  primary  radiator 
(-80  C).  The  entire  detector  Is  shielded  from 
background  particles  <  and  X-rays  with  tungsten 
c n l 1 1 ma t or s  and  shielding  an  shown.  The  secondary 
radiator  Is  covered  with  an  optical  solar  reflective 
surface  and  cools  the  entire  dete<  tor  housing  down  to 
-40  C.  The  electrical  signals  f:.>m  the  solid  state 
sensor  pass  through  a  0.3?*)  Inch  fiberglass  tube  used 
as  a  low  capacitance  coax  for  the  manganfn  thermally 
resistive  wire.  The  preamplifier  (not  shown)  Is 
operated  at  ♦20°C. 

The  cooled  solid  state  particle  spectrometer 
array  Is  shown  in  Figure  8.  Sensors  LF.  1  ,  LF.2,  and 
LEI  ar*  lsed  to  map  the  particle  angular  distribution 
function.  LE2,  LF.4t  and  LF.*’  are  used  to  determine 
the  electron^nd  ion  ratio  and  the  identity  of  the 
prlmarv  ion.  The  primary  radiator  Is  designed  to 
cool  the  LEI,  LF.2,  and  LF.3  sensors  to  -80  C.  A 
detailed  t  he  nna  1  -vacuum  test  has  verified  the  thermal 
design  and  the  low  energy  capability  of  the  instru- 
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Figure  7.  A  cross 
sectional  view  of  the 
low  energy  particle 
spectrometer  showing 
the  surface  barrier 
detector,  the  thermal 
Isolators,  radiators, 
and  other  features. 
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Figure  8.  Photograph  of  the  cooled  eolld  etate 
spectrometer  experiment  showing  the  five 
particle  spectrometer  heeds  and  thermal 
radiators. 

VI.  Conclusion 

When  properly  operated  at  low  teaperatures , 
silicon  surface-barrier  detectors  can  perform  with 
high  resolution  (<  l  keV  FWHM)  and  with  low  energy 
thresholds  (2  keV)  for  energetic  particle  analysis 
using  relatively  straightforward  design  procedures. 
Laboratory  and  theoretical  results  Indicate  the 
dependence  of  system  noise  on  temperature,  bias 
voltage,  time  constant,  and  Input  lmpedence  for 
detector  optimization. 
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Abstract .  Radiation  belt  electrons  precip¬ 
itated  by  controlled  Injection  of  VLF  signals 
from  a  ground  based  transmitter  have  been 
directly  observed  for  the  first  time.  These 
observations  were  part  of  the  SEEP  (Stimulated 
Emission  of  Energetic  Particles)  experiment 
conducted  during  May  -  December  1982.  Key 
elements  of  SEEP  were  the  controlled  modulation 
of  VLF  transmitters  and  a  sensitive  law  altitude 
satellite  payload  to  detect  the  precipitation. 
An  outstanding  example  of  time-correlated  wave 
and  parclcle  data  occurred  from  8680  to  8740 
seconds  U.T.  on  17  August  1982  when  the  satel¬ 
lite  passed  near  the  VLF  transmitter  at  Cutler, 
Haine  (NAA)  as  it  was  being  modulated  with  a 
repeated  ON  (3-a)/0FF  (2-s)  pattern.  During 
each  of  twelve  consecutive  pulses  from  the 
transmitter  the  electron  counting  rate  Increased 
significantly  after  start  of  the  ON  period  and 
reached  a  maximum  about  2  seconds  later.  The 
measured  energy  spectra  revealed  that  approxi¬ 
mately  15  to  50  percent  of  the  enhanced  electron 
flux  was  concentrated  near  the  resonanc  energies 
for  first  order  cyclotron  Interactions  occurring 
close  to  the  magnetic  equator  with  the  nearly 
monochromatic  waves  emitted  from  the  transmit¬ 
ter  . 


Introduction 

Our  purpose  Is  to  present  first  observations 
of  direct  bounce  loss  cone  precipitation  of  ra¬ 
diation  belt  electrons  by  controlled  Injection 
of  VLF  signals  from  a  ground  based  transmitter. 
This  result  was  recently  achieved  In  an  active 
wave-particle  experiment  called  SEEP  (Stimulated 
Emission  of  Energetic  Particles).  Past  observa¬ 
tions  have  shown  that  electrons  can  be  precip¬ 
itated  from  the  radiation  belts  by  ground-based 
VLF  transmitters,  but  the  evidence  was 
predominantly  based  on  observations  of  electrons 
In  the  drift  loss  cone.  Narrow  resonanc  peaks 
In  the  energy  spectra  (Imhof  et  al.,  1974,  1981; 
Vamoola  and  Kuck,  1978;  Koons  et  al.,  1981)  and 
coordinated  wave-particle  observations  (Imhof  et 
al.,  1981)  have  provided  evidence  for  the 
effects  of  transmitters.  In  addition,  natural 
whistlers  and  emissions  have  been  observed  to 
produce  secondary  Ionospheric  effects  (x-rays, 
enhanced  D-teglon  Ionization  and  photometric  ra- 
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diation)  that  have  been  attributed  to  VLF  wave- 
induced  electron  precipitation  In  the  direct 
bounce  loss-cone  (Rosenberg  et  al.,  1971;  Helll- 
well  et  al.,  1973;  Helllwell  et  al.,  1980;  Car¬ 
penter  and  LaBelle,  1982).  Theoretical  models 
of  the  gyroresonant  wave-particle  Interaction  in 
the  magnetosphere  have  been  used  to  predict  the 
levels,  energy  spectra  and  temporal  variations 
of  particle  fluxes  that  would  be  precipitated  by 
monochromatic  VLF  signals  at  the  VLF  transmitter 
frequencies  (Inan  et  al.,  1982;  Inan,  1981). 
These  models  have  been  useful  in  carrying  out 
the  experiments  reported  here. 

The  SEEP  experiment  was  conducted  from  May 
until  December  1982.  Electron  counting  rate 
time  profiles  measured  during  a  coordinated 
satellite-transmitter  operation  are  presented 
and  compared  with  the  programmed  modulation 
patterns  of  the  VLF  transmitter  and  the  observed 
energy  spectra  are  interpreted  In  terns  of 
energy  selective  precipitation  mechanisms  occur¬ 
ring  in  the  near  equatorial  regions. 

Description  of  the  Active  Experiment  and  the 
Satellite  Instrumentation 

During  the  course  of  this  experiment  the  U. 
S.  Navy  VLF  transmitters  at  Annapolis,  Harvland 
(NSS),  at  Cutler,  Maine  (NAA)  and  at  Jin  Creek, 
Washington  (NLK)  operating  at  frequencies  of 
21.4  kHz,  17.8  kHz,  and  24.8  kHz,  respectively, 
and  the  Stanford  University  research  VLF  trans¬ 
mitter  at  Slple  Station,  Antarctica  operating  in 
the  4-6  kHz  ranee  were  modulated  for  ten- 
minute  periods  during  overpasses  of  the  S81-1 
spacecraft.  At  the  time  of  the  data  presented 
here,  only  one  transmitter  (NAA:  44.65  N, 
67.28°W,  L  -  3.2)  was  modulated  with  a  SEEP 
format.  The  ON-OFF  modulations  were  performed  In 
one  of  ten  selectable  formats  chosen  to  provide 
a  variety  of  periodic,  pseudo-periodic  and  ran¬ 
dom  patterns  with  ON  times  ranging  from  0.3 
seconds  to  8  seconds.  One  commonly  used  format 
which  also  applies  to  the  data  presented  here 
consisted  of  an  ON  (3-s)/0FF  (2-s)  pattern  re¬ 
peated  for  the  entire  duration  of  the  modulation 
period,  normally  10  minutes. 

The  SEEP  payload  on  the  three-axis  stabilized 
S81-1  spacecraft  measured  precipitated  particles 
directly  with  an  array  of  silicon  solid  state 
detectors,  and  Indirectly  through  an  Imaging 
x-ray  proportional  counter  to  map  brcmsstrnhlung 
x-rays  (>  3  keV)  and  an  airglow  photometer  to 
measure  optical  emissions.  The  electron  spec¬ 
trometers  were  oriented  at  various  angles  to  the 
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Table  1  Electron  Spectrometers 


Central 

Zenith 

Angle 

Central 

Pitch 

Angle 

Acceptance 
Half  Angle 

Geometric 
Factor 
(cn>  a  ter) 

0° 

34° 

30° 

2.47 

10° 

32° 

20° 

0.49 

50° 

46° 

20° 

0.17 

90° 

78° 

20° 

0.17 

local  vertical  and  covered  an  energy  range  of 
2-1000  keV.  Several  were  cooled  to  -120°C  to 
Improve  Che  aenaor  response  characteristics 
(Voss  et  al.,  1982).  Pulse  height  analyses  were 
performed  on  the  sensor  signals  to  provide  the 
energy  spectra.  Some  key  parameters  of  the 
electron  spectrometers  used  In  the  present 
analysis  at  8710  seconds  U.  T.  on  August  17, 
1982  are  summarized  In  Table  1. 

Observations 

A  good  example  of  electron  flux  modulations 
In  correlation  with  the  transmitter  ON-OFF  sig¬ 
nals  occurred  on  17  August  1982  at  8680  to  8740 
seconds  U.T.  when  the  SEEP  payload  was  passing 
near  the  NAA  transmitter  as  It  was  being  modula¬ 
ted  with  a  3-s  On/2-b  OFF  pattern.  In  Figure  1 
the  electron  fluxes  measured  at  various  zenith 
angles  are  plotted  as  a  function  of  time.  A 
modulation  period  of  5  +  0.1  seconds  Is  clearly 
seen  for  12  consecutive  cycles.  For  reference, 
the  measured  ON  times  of  the  transmitter  at  NAA 
are  Indicated.  From  the  Stanford  recordings  at 
Palmer  Station,  Antarctica,  It  was  verified  Chat 
the  transmitter  modulation  began  within  6 
milliseconds  of  the  exact  start  of  a  UT  minute. 

The  measurements  were  made  at  a  satellite 
altitude  of  “220  km,  and  at  the  positions  Indi¬ 
cated  In  the  abscissa.  Due  to  the  South  Atlan¬ 
tic  Anomaly,  the  mirror  points  conjugate  to  the 
satellite  are  below  sea  level  so  any  electrons 
measured  could  not  travel  from  one  mirror  point 
to  the  other  (with  bounce  times  of  0.1-0. 5s  at 
L“2.3)  without  interacting  with  the  atmosphere. 
Ducted  waves  can  travel  this  distance  in  less 
than  one  second,  but  unducted  waves  may  take 
several  seconds  to  reach  their  reflection 
polnca  In  the  opposite  hemisphere  depending  upon 
their  trajectories.  From  the  geometry  of  the 
magnetic  field  line  It  can  be  shovn  that  the 
Individual  electrons  observed  by  the  SEEP  pay- 
load  In  the  northern  hemisphere  must  have 
experienced  a  pitch  angle  scattering  of  at  least 
l  during  a  single  bounce  period. 

Superposed  epoch  analyses  were  clearly  not 
needed  to  show  the  strong  5-aecond  modulation, 
but  they  were  performed  to  obtain  an  average 
shape  of  the  precipitating  electron  Intensities 
with  respect  to  the  transmitter  signal.  Counts 
were  combined  from  eight  consecutive  3-second 
Intervals  and  the  results  are  shown  In  Figure  2 
for  two  counter  outputs.  A  time  of  0  seconds 
refers  to  the  start  of  the  transmitter  ON 
period.  The  possibility  that  mlcropulsatlons 
could  account  for  the  SEEP  spectrometer  obser¬ 
vations  Is  discounted  because  mlcropulsatlons 
are  generally  only  psuedo-perlodic  and  are  seen 
mainly  at  higher  latitudes  (L>5)  (e.g.,  Bnrcus 
et  al.,  1966).  Also,  natural  electron  micro¬ 


bursts  as  seen  on  satellites  occur  predominantly 
on  higher  L  shells  and  at  later  local  times  than 
that  of  the  case  In  question  (e.g.,  Ollven  et 
al.,  1968).  Association  of  the  present  observa¬ 
tion  with  the  NAA  transmitter  is  further 
supported  by  the  precise  5-second  periodicity 
and  the  time  correlations  with  che  programmed 
modulation  of  the  transmitter. 

Model  calculations  ( Inan  et  al.,  1982)  of  the 
time  response  curve  were  performed  assuming 
field  aligned  propagation  of  the  wave  and  com¬ 
puting  the  scattering  Into  the  loss  cone  of  par¬ 
ticles  from  an  assumed  trapped  distribution  by  a 
3-second  long  monochromatic  signal.  The  non¬ 
linear  equations  of  motion  were  Integrated  In  an 
Inhomogeneous  medium  also  accounting  for  the 
wave  and  particle  travel  times.  Using  typical 
transmitter  signal  intensities  applicable  to 
this  case  It  was  found  that  a  significant  number 
of  individual  particles  can  be  scattered  in 
pitch  angle  by  greater  than  1°  In  a  single  en¬ 
counter  with  the  wave  and  this  constitutes  the 
fluxes  represented  by  the  dashed  line  in  Figure 
2.  The  onset  time  and  the  full-wldth-at-half 
maximum  duration  of  the  prediction  are  in  good 
agreement  with  the  data,  although  the  calculated 
response  reaches  a  maximum  sooner  than  that  ob¬ 
served.  Additional  delay  in  the  calculated 
function  and  less  steepness  In  the  leading  and 
trailing  observed  ramps  may  result  from  the 
effects  of  non-field  aligned  propagation  and 
from  wave  triggering  and  amplification.  More 
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Figure  2.  Superposed  epoch  count*/' tecood 
versus  time  profiles  from  eight  consecutive 
3.0-second  intervals  during  the  period  8690  sec 
to  8730  sec  U.T.  on  17  August  1982.  Also  shown 
is  the  normalized  time  response  curve  computed 
using  a  theoretical  model  ( Inan  et  al.,  1982). 


detailed  analysis  of  the  precipitation  pulse 
shape  and  comparisons  with  theory  will  be 
reported  later. 

Differential  energy  spectra  of  the  precipi¬ 
tating  electrons  as  measured  with  the 
spectrometer  oriented  at  90°  zenith  angle  are 
shown  in  Figure  3.  These  are  raw  counts  from 
the  pulse  height  analyzer,  uncorrected  for 
deadtime.  Each  of  the  spectra  In  the  upper 
section  Is  taken  from  a  1.984  second  time 


-interval  beginning  1.7  seconds  after  start  of 
the  transmitter  OK  pulse.  In  the  lower  sections 
the  spectra  are  taken  from  1.280  second  Inter¬ 
vals  beginning  4.2  seconds  after  start  of  each 
transmitter  OK  pulse.  The  latter  spectra 
correspond  approximately  to  the  minima  In 
electron  counting  rate  and  are  summed  from  a 
shorter  time  period  to  minimize  any  contribu¬ 
tions  from  the  enhanced  flux  regions.  Prominent 
peaks  appear  in  the  spectra  taken  during  the 
times  of  enhanced  electron  precipitation,  but 
there  Is  little  evidence  of  their  presence 
during  times  of  minimum  Intensity.  The  central 
energies  of  the  peaks  In  the  spectra  are 
labelled  and  It  Is  clear  that  the  peak  energies 
decrease  with  increasing  L  value.  From  the  ab¬ 
solute  fluxes  It  has  been  estimated  that  the 
rate  of  deposition  of  energy  Into  the  atmosphere 
was  of  the  order  of  10  ergs/coi  sec. 

Let  us  now  compare  the  central  energies  of 
the  peaks  shown  In  Figure  3  with  the  energies 
calculated  for  first  order  cyclotron  resonance 
near  the  equator  with  17.8  kHz  waves  traveling 
parallel  to  the  earth's  magnetic  field  lines. 
Figure  4  shows  curves  representing  the  cal¬ 
culated  resonant  energies  for  assumed  cold 
plasma  density  models  of  3000  (L/2)  cm  and 
half  that  value  along  with  the  measured  central 
energies  of  the  peaks.  Plasma  density  models  in 
this  region  of  space  are  scarce  but  those  as¬ 
sumed  In  Figure  4  are  consistent  with  other 
values  quoted  and  have  been  used  in  past  inves¬ 
tigations  of  cyclotron  resonance  Interactions  In 
the  upper  edge  of  the  Inner  radiation  belt 
(Imhof  et  al.,  1974).  The  measured  peak  energies 
are  consistent  with  those  expected  for  cyclotron 
resonance  with  waves  traveling  parallel  to  the 
earth's  magnetic  field  lines.  On  the  ocher 
hand,  with  a  60°  wave  normal  angle  the  resonant 
electron  energies  for  the  same  plasma  density 
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Figure  3.  Differential  electron  energy  spectra  observed  at  selected  times  on 
August  17,  1982  In  the  form  ot  raw  counts  uncortected  for  deadtime. 
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Figure  4.  Open  circle*  give  measured  energies 
of  the  peaks;  curves  represent  calculated  reson¬ 
ant  energies. 

would  be  approximately  1.3-1. 5  times  larger  or 
equivalently  the  plasma  densities  corresponding 
to  the  observed  resonant  energies  would  be 
larger  by  a  similar  factor.  Of  particular 
Importance  la  the  finding  that  approximately 
15-50  percent  of  the  enhanced  electron  flux 
during  the  spikes  la  concentrated  close  to  the 
resonant  energies  for  near  equatorial  Inter¬ 
actions.  The  enhanced  precipitation  at  energies 
off  the  peaks  1*  probably  due  to  wave-particle 
interactions  occurring  off  the  equator  and/or  to 
interactions  with  waves  traveling  In  various 
directions  with  respect  to  the  field  line. 

Events  similar  to  August  17  were  not  found  to 
be  common,  but  others  with  S-second  periods  and 
similar  phasings  with  respect  to  the  transmit¬ 
ters  have  been  found  and  more  details  of  these 
events  will  be  published  elsewhere.  In  summary, 
the  first  direct  observations  In  the  bounce  loss 
cone  have  been  found  for  the  precipitation  of 
radiation  belt  electrons  by  controlled  signals 
from  a  ground-based  VLF  transmitter.  A  large 
data  base  has  been  acquired  and  the  surveys  are 
still  in  preliminary  stages. 
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Abstract.  The  first  direct  observations  of  the 
precipitation  of  radiation  belt  electrons  by  the 
controlled  injection  of  VLF  signals  fron  a 
ground  based  transmitter  were  recently  reported 
from  data  acquired  In  the  SEEP  (Stimulated 
Emission  of  Energetic  Particles)  experiment. 
That  outstanding  example  of  time-correlated  wave 
and  electron  data  has  now  been  enhanced  by  the 
finding  of  four  additional  modulated  events  out 
of  65  satellite  passes  when  one  of  the  U.  S. 
Navy  VLF  transmitters  at  Cutler,  Maine  (NAA)  or 
at  Annapolis,  Maryland  (NSS)  was  being  modulated 
In  a  3s  ON/ 2s  OFF  format.  During  each  of  these 
events  the  fluxes  of  precipitating  electrons 
were  observed  repeatedly  to  display  a  charac¬ 
teristic  time  behavior  with  respect  to  the 
transmitter  modulation:  a  relatively  slow  rate 
of  Increase  after  atart  of  the  ON  period  leading 
to  a  maximum  about  2  seconds  later.  Details  of 
this  consistent  pattern  and  the  statistics  of 
occurrence  of  modulation  events  are  presented 
along  with  comparisons  of  the  absolute  fluxes  of 
precipitating  electrons  observed  during  normal 
transmitter  operation  with  those  recorded  when 
one  of  the  transmitters  was  modulated. 

Introduction 

Several  Investigations  In  the  past  have 
addressed  the  precipitation  of  radiation  belt 
electrons  by  VLF  signals  from  a  ground  based 
transmitter  (Imhof  et  al.,  1974,  1981,  1983; 
Vampola  and  Ruck,  1978;  Koons  et  al.,  1981; 
Goldberg  et  al.,  1983).  The  first  direct 
observations  of  bounce  loss  cone  precipitation 
of  radiation  belt  electrons  by  controlled 
injection  of  VLF  signals  from  a  ground  based 
transmitter  were  recently  reported  by  Imhof  et 
al.  (1983).  In  that  study,  preliminary  details 
were  published  on  an  outstanding  example  of 
time-correlated  wave  and  electron  data  on  August 
17,  1982  when  the  VLF  transmitter  at  Cutler, 
Maine  (NAA)  was  being  modulated  with  a  repeated 
3s  0N/2s  OFF  pattern.  To  establish  the  fre¬ 
quency  of  occurrence  of  such  events  and  to  study 
the  precipitating  flux  versus  time  profiles  more 
data  have  now  been  surveyed. 


Copyright  1983  by  the  American  Geophysical  Union. 

Paper  number  3L0875. 

0094 -82  76/83/ 003L-08  7  5 $03 . 00 


Description  of  the  Experiment 

The  satellite  payload  In  the  SEEP  (Stimulated 
Emission  of  Energetic  Particles)  experiment 
contained  an  array  of  cooled  silicon  solid  state 
detectors  to  measure  electrons  and  Ions  directly 
with  high  sensitivity  and  fine  energy  resolution 
(Voss  et  al.,  1982).  The  electron  spectrometer 
of  present  Interest  was  mounted  at  90  zenith 
angle  and  at  90  to  the  orbit  plane  on  the 
three-axis  stabilized  S81-1  spacecraft  which  was 
In  a  high  inclination  orbit  and  for  the  data 
presented  here  at  an  altitude  of  *  220  km.  The 
spectrometer  had  a  threshold  energy  of  6  keV,  an 
acceptance-angle  of  +  20  and  a  geometric  factor 
of  0.17  cmz  ster. 

An  Important  part  of  the  SEEP  experiment 
Involved  the  programmed  modulation  of  U.  S.  Navy 
transmitters  and  the  Stanford  University  re¬ 
search  VLF  transmitter  at  Slple  Station,  Ant¬ 
arctica.  Of  present  Interest  are  the  two  U.  S. 
Navy  Transmitters  at  Cutler,  Maine  (NAA; 
292.72  E,  44-65  N)  and  at  Annapolis,  Maryland 
(NSS;  283.55  E,  38.98°N)  operating  at  frequen¬ 
cies  of  17.8  kHz  and  21.4  kHz,  and  nominal 
radiated  powers  of  1000  kw  and  265  kw,  respec¬ 
tively.  Throughout  the  SEEP  experiment,  con¬ 
ducted  during  May-December  1982,  the  transmit¬ 
ters  were  modulated  for  10  minute  periods  during 
overpasses  of  the  SEEP  payload  In  one  of  10 
formats.  Only  the  3s  0N/2s  OFF  format  Is 
pertinent  to  the  data  considered  here. 

Observations 

Surveys  of  the  SEEP  electron  data  have  been 
conducted  In  the  longitude  Interval  274  E  to 
310  E  over  the  L  shell  range  from  2.0  to  2.75 
and  only  for  nighttime  passes  (near  2230  local 
time).  Higher  L  shells  were  precluded  In  this 
initial  analysis  to  minimize  naturally  occurring 
fluctuations  In  the  electron  fluxes.  Initially, 
a  tabulation  was  made  of  all  fluctuations  In 
counting  rate  of  the  electron  spectrometer  at 
90  which  met  the  foil  owing  criteria:  1)  the 
counting  rate  Increased  by  a  factor  of  at  least 
1.5  during  the  fluctuation,  and  2)  the  time 
duration  of  the  flux  Increase  fell  In  the  range 
1-3  seconds.  Events  were  then  selected  In 
which  four  or  more  such  fluctuations  occurred 
with  a  time  spacing  of'  one  period.  It  was  re¬ 
quired  that  at  least  one  of  the  four  fluctua¬ 
tions  met  both  of  the  above  criteria  hut  the 
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Fig.  1.  Electron  fluxes  measured  on  five  differ¬ 
ent  sstellite  passes.  ON  and  OFF  times  of  the 
pertinent  transmitter. 


counting  rate  Increase  could  be  smaller  for  the 
adjoining  fluctuations.  Using  this  procedure 
for  finding  events,  5  were  found  from  the  65 
passes  of  the  satellite  when  one  of  the  trans¬ 
mitters  was  being  modulated  In  a  3s  0N/2s  OFF 
format.  No  such  events  were  found  In  the  175 
passes  when  neither  transmitter  was  being  modu¬ 
lated  In  this  format.  Within  the  selected 
L-shell  range,  no  events  meeting  these  criteria 
but  with  periods  significantly  different  from  5 
seconds  were  found. 

The  electron  flux  profiles  and  transmitter  ON 
and  OFF  times  during  each  of  the  selected  events 
are  shown  lji  Figure  1  for  the  electron  spectrom¬ 
eter  at  90  zenith  angle.  The  particles  meas¬ 
ured  by  this  detector  were  all  near  90  pitch 
angle  and  therefore  locally  mirroring,  but  In 
every  one  of  the  cases  the  conjugate  point  was 
below  sea  level  so  the  electrons  must  have  been 
precipitated  Into  the  atmosphere  during  the 
bounce  period  in  which  they  were  observed. 
Corresponding  counting  rate  increases  often 
occurred  In  other  electron  spectrometers  ori¬ 
ented  at  different  pitch  angles,  but  only  data 
from  the  90  detector  are  considered  here. 

In  order  to  compare  more  accurately  the  time 
profiles  for  each  of  the  events,  superposed 
epoch  analyses  have  been  performed  and  these  are 
shown  in  Figure  2.  All  of  the  time  profiles 
display  a  similar  pattern  In  which  the  fluxes 
Increase  rather  slowly  after  start  of  the  ON 


period  and  reach  a  maximum  about  2  seconds 
later.  These  temporal  features  should  provide 
Important  guidelines  for  understanding  the 
coherent  wave  Induced  precipitation  phenomenon 
In  detail  and  for  studying  the  interactions  of 
VLF  waves  with  trapped  electrons  (e.g.,  Helli- 
well,  1967;  Inan  et  al.,  1982).  The  consistent 
5-second  period  and  the  phasing  with  respect  to 
the  transmitter  ON/OFF  times  for  each  of  the 
events  strongly  support  the  conclusion  that  all 
are  related  to  the  transmitter  modulation.  The 
absence  of  any  such  events  when  neither  trans¬ 
mitter  was  being  modulated  in  the  special  format 
further  justifies  this  conclusion.  Within  the 
events  large  flux  differences  often  exist 
between  successive  5-second  periods.  Based  on 
these  data  alone  it  Is  not  clear  whether  the 
differences  are  associated  with  spatial  or 
temporal  variations  In  either  the  wave  or 
particle  characteristics. 

During  a  modulation  of  the  NSS  transmitter  on 
July  6,  1982  as  part  of  the  overall  SEEP  pro¬ 
gram,  Goldberg  et  al.  (1983)  reported  a  5-second 
modulation  period  in  the  bremsstrahlung  x-rays 
measured  from  a  rocket.  In  contrast  with  the  1 
-  2  second  delay  between  transmitter  turn-on  and 
electron  precipitation  reported  in  the  five 
cases  of  the  present  paper  Goldberg  et  al.  found 
no  such  delay  In  their  one  event.  The  reason 
for  the  difference  In  the  two  sets  of  experl- 


Flg.  2.  Superposed  epoch  flux  '  h  keV  profiles 
for  consecutive  5.0-second  periods. 
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Table  1  Summary  of  Events 


Date( 1982) 

Modulating 

Transmitter 

Long .  of 
Observ. 

L-Shell  Range 
of  Flux  Mod. 

June  19 

NAA 

279. 1°E 

2.63-2.79 

Aug .  1 7 

NAA 

294. 0°E 

2.13-2.34 

Aug.  25 

NAA 

289. 9°E 

2.21-2.38 

Sept.  1 

NSS 

280. 0°E 

2.46-2.63 

Nov.  26 

NAA 

291. 5°E 

2.21-2.35 

mental  results  may  be  due  to  differences  in 
local  time,  Goldberg's  being  near  dawn  whereas 
the  measurements  presented  here  were  all  per¬ 
formed  about  two  hours  before  local  midnight,  or 
possibly  due  to  the  limited  signal  to  noise  ra¬ 
tio  of  the  rocket  data. 

In  past  studies  of  particle  precipitation  by 
nearly  monochromatic  waves  generated  at  ground- 
based  VLF  transmitters,  narrow  L-dependent  peaks 
have  been  observed  In  the  energy  spectra  of 
electrons  in  the  drift  loss  cone  (e.g.,  Imhof  et 
al.,  1981;  Koons  et  al.,  1981).  Similar  peaks 
were  observed  In  the  electrons  precipitated  by 
the  modulated  NAA  transmitter  during  the  event 
of  August  17,  1982  (Imhof  et  al.,  1983).  We 
have  now  found  L-dependent  peaks  during  the 
event  of  August  25,  1982,  but  with  lower  reson¬ 
ant  energies  suggesting  higher  cold  plasma 
densities  at  that  time.  Pronounced  peaks  were 
not  observed  in  the  other  events.  Those  on  June 
19  and  Sept.  1,  1982  were  at  higher  L  shells 
where  the  equatorial  cyclotron  resonance  ener¬ 
gies  were  near  the  detector  threshold.  In  the 
Nov.  26,  1982  event  the  signal  to  background  was 
relatively  weak  for  spectral  analyses. 

The  longitudes  and  L-shell  Intervals  of  the 
events  are  listed  In  Table  1.  Three  of  the  four 
Cutler  events  and  the  one  associated  with  Annap¬ 
olis  occurred  at  longitudes  very  near  that  of 
the  transmitter.  The  NSS  event  took  place  at  an 
L  value  very  close  to  that  of  the  transmitter, 
which  Is  located  at  L  ■  2.6,  whereas  all  of  the 
NAA  events  were  at  significantly  lower  L  values 
than  Cutler  (L  ■  3.2)  and  three  of  them  were 
considerably  below  the  upper  end  of  the  L-shell 
range  used  In  the  survey.  This  result  may  be 
due  partly  to  the  higher  energies  for  near  equa¬ 
torial  cyclotron  resonance  on  lower  L  shells 
with  more  favorable  observing  conditions. 

The  frequency  of  occurrence  of  electron  flux 
modulated  events  meeting  the  selection  criteria 
Is  summarized  In  Table  2.  The  limited  sample  of 
data  Indicates  that  over  the  L-shell  range  2.0 
to  2.75  and  with  the  selection  criteria  used 
modulations  In  the  electron  fluxes  occurred  In  5 
out  of  65  cases  when  one  of  the  transmitters  was 


Table  2  Electron  Modulation  Events 

Electron 

Status  of  Transmitter  Number  Modulation 
Cutler _ Annapolis  of  Cases _ Events 

Normal  Normal  175  0 

3s  0N/2s  OFF  Normal  26  4 

Normal  3s  0N/2s  OFF  39  1 


being  operated  in  the  3s  ON/2  s  OFF  format.  For 
the  NAA  transmitter  alone  4  events  were  observed 
out  of  26  cases.  Consideration  of  the  depend¬ 
ence  of  the  event  occurrence  upon  the  choice  of 
transmitter  being  modulated  and  upon  the  longi¬ 
tude  of  observation  as  well  as  other  parameters 
is  beyond  the  scope  of  this  paper. 

Even  If  modulations  in  the  fluxes  of  precip¬ 
itating  electrons  do  not  appear,  the  trans¬ 
mitters  might  still  play  a  significant  role  in 
the  precipitation.  For  example,  the  spread  in 
propagation  times  could  exceed  the  OFF  times  and 
hence  inhibit  the  detection  of  the  modulations 
( Inan  and  Helllwell,  1982).  To  further  address 
the  role  of  transmitters  we  compare  the  fluxes 
measured  during  normal  operations  with  those 
observed  when  the  transmitters  were  operated  in 
the  3s  0N/2s  OFF  format.  Normal  operation 
consists  of  a  constant  amplitude  signal  with  the 
frequency  shifted  as  often  as  once  every  25  ms. 
During  the  SEEP  format  a  continuous  wave  with 
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Fig.  3.  Electron  flux  versus  longitude.  Loca¬ 
tions  of  the  transmitters  at  Annapolis  and 
Cutler  are  Indicated.  ’The  letter  F  indicates 
fluxes  measured  on  a  pass  when  an  event  was 
observed  , 
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fixed  frequency  and  amplitude  la  turned  ON  for  3 
aeconda  and  OFF  for  2  seconds.  The  frequency 
spectrum  of  the  transmitted  signal  Is  typically 
wider  during  normal  operation.  The  reduced 
coherence  of  the  wider  bandwidth  signal  has  been 
found  to  Inhibit  temporal  growth  and  triggering 
during  VLF  wave  Injection  experiments  from  Slple 
(Raghuram  et  al.,  1977).  The  results  of  the 
present  Investigation  are  presented  In  Figure  3 
where  the  observed  electron  fluxes  >6  keV  and  > 
45  keV  are  plotted  as  a  function  of  longitude 
with  separate  symbols  for  the  normal  operation 
of  both  transmitters  and  for  the  special  modula¬ 
tions  of  either  transmitter.  The  time  period 
surrounding  a  major  geomagnetic  storm  on  July 
14,  1962,  when  the  fluxes  of  precipitating 

electrons  were  significantly  higher,  has  been 
excluded.  Otherwise  no  selection  of  events  was 
made  on  the  basis  of  geomagnetic  conditions. 
Median  flux  levels  over  9  longitude  bins  are 
shown.  For  electrons  >  6  keV  and  all  longitudes 
combined,  the  median  flux  values  for  normal 
operation  and  for  the  special-  modulation  o^ 
either  transmitter  are  1.8  x  10J  and  2.7  x  10 
electrons/cni  ster  sec,  respectively.  ^  For 
electrons^  >  45  keV,  the  fluxes  are  3.3  x  10  and 
3.2  x  10*,  respectively.  The  data  do  not  Indi¬ 
cate  a  significant  Increase  In  the  average  pre¬ 
cipitation  rate  when  the  transmitters  are  oper¬ 
ated  at  fixed  frequency  with  a  60Z  duty  cycle 
as  compared  to  the  normal  broader  frequency 
operation  at  100Z  duty  cycle.  Smaller  flux 
changes  with  mode  of  transmitter  operation  may 
be  found  when  detailed  account  is  taken  of  the 
flux  variations  with  longitude  and  time. 

In  summary,  data  have  been  presented  from 
five  events  in  which  modulations  were  observed 
in  the  fluxes  of  precipitating  electrons  that 
were  In  phase  with  the  controlled  modulations  of 
one  of  the  U.  S.  Navy  transmitters  at  Cutler, 
Maine  or  at  Annapolis,  Maryland.  Although  only 
5  cases  were  found  with  the  selection  criteria 
used  here,  others  may  be  discovered  after  more 
detailed  analyses. 
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Cover.  X  ray  image  of  the  earth's 
southern  auroral  oval  obtained  with  the 
LcKkheed  X  ray  imaging  spectrometer  in 
the  Stimulated  Fmission  of  Fnergetic  Par¬ 
ticles  (SFFP)  satellite  payload.  Superim¬ 
posed  on  the  map  of  Antarctica  is  the  spa¬ 
tial  distribution  of  auroral  X  ray  luminos¬ 
ity  that  is  produced  hv  kilovolt  electron 
precipitation.  Conspic  uous  is  the  auroral 
oval  with  intense  luminosits  near  mid¬ 
night  and  structured  energetic  precipita¬ 
tion  near  dawn.  The  upper  panel  displays 
the  energy  spectra  of  X  rays  observed  in 
the  center  pixels  of  t lit'  image,  while  the 
lower  panel  shows  the  simultaneous  visible 
auroral  emissions  measured  b\  the  SF.KP 
photometer.  The  X  ray  image  is  the  sub¬ 
ject  of  a  paper  to  be  presented  at  the  1983 
ACC  Fall  Meeting:  If.  1).  Voss  et  al.. 

SFFP  X  rav  imagery  of  the  earth's  aurora 
(Em,  Novembers.  1983.  p.  792).  (Photo 
courtesv  of  H  I)  Voss.  Lockheed  Missiles 
and  Space  Companv.  Palo  Alto.  CA 
9430*4.) 
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A  Coordinated  Satellite  and  Ground-Based  Study  of  an  Intense  Electron 
Precipitation  Spike  Over  the  Southern  Polar  Cap 

W.  L.  Imhof,1  T.  J.  Rosenberg.2  L.  J.  LanzerottC 
J.  B.  Reagan,1  H.  D.  Voss.1  D  W.  Datlovve.1 
J.  R.  Kilner.1  E.  E.  Gainf.s.1  J.  Monii.iA.1 
and  R.  G.  Joiner4 


An  electron  precipitation  event  has  been  investigated  with  bremsstrahlung  X  ray  mapping  data  taken 
from  two  satellites  and  with  ground-based  nometer  and  magnetometer  data.  The  event  occurred  near 
2300  UT  on  June  27.  1982.  in  the  vicinity  of  South  Pole  Station,  which  was  in  the  dusk-mtdmghi  local 
time  sector.  The  mam  precipitation  was  associated  with  a  poleward-moving  westward  electrojcl  and 
produced  the  largest  nometer  absorption  (exceeding  tO  dB  at  30  MHzl  recorded  dunng  1982  at  that 
station  The  feature  examined  in  detail  here  is  an  intense  spike  of  -  10  s  duration  and  limited  spatial 
extent  that  occurred  as  a  short-lived  eastward  ionospheric  current  developed  equatorward  of  the  west¬ 
ward  electrojet  At  the  time  of  the  spike,  two  sensors  on  the  P78- 1  satellite  essentially  simultaneously 
measured  X  rays  from  the  region  viewed  by  the  ground-based  instruments.  Movement  of  the  spike 
precipitation  region  toward  the  pole  was  indicated  by  the  measurements.  From  ratios  of  the  nometer 
absorption  at  different  frequencies  it  is  concluded  that  the  spike  precipitation  region  is  consistent  with  a 
strip  of  width  —  25  km  and  length  greater  than  100  km  The  total  flux  of  the  precipitating  electrons  in  (he 
spike  was  x  1023  cl  s  ( —  2  x  I0'6  ergs  s)  with  an  e-fold  energy  of  ^40  keV  The  fluxes  and  energy 
spectra  of  X  rays  emitted  from  a  large  area,  as  measured  by  the  spacecraft,  were  about  the  same  before 
and  after  the  spike.  However,  following  the  spike  there  was  a  pronounced  decrease  in  nometer  absorp¬ 
tion.  which  suggests  a  movement  of  the  main  precipitation  region  away  from  the  south  pole  at  that  time 
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Introduction 

The  precipitation  of  electrons  >  20  keV  into  the  atmosphere 
at  high  latitudes  is  an  important  aspect  of  the  earth's  iono¬ 
spheric  environment.  Detailed  data  on  the  phenomena  are  stdl 
limited  in  scope  in  many  respects,  and  particularly,  more  de¬ 
tailed  mappings  of  the  energetic  electron  intensities  and 
enersv  spectra  as  a  function  of  time  and  space  are  needed  The 
spatial  and  temporal  variations  of  structured  precipitation  are 
not  well  understood,  especially  as  they  might  relate  to  energet¬ 
ic  electrons  from  the  magnetotail  being  injected  into  the  atmo¬ 
sphere. 

Of  special  interest  are  the  so-called  "spike  events."  in  w  hich 
impulsive  electron  precipitation  produces  a  sudden  increase  in 
the  absorption  of  cosmic  radio  noise  followed  by  a  rapid 
return  to  a  less  disturbed  level.  Data  obtained  with  narrow- 
beam  nometer  systems  in  the  auroral  zone  suggest  that  spike 
evems  cover  a  smaller  area  than  the  general  radio  noise  ab¬ 
sorption  [,\ie/sen  and  Axlorj.  1977;  Uararea tes  et  al.  1 9 79 J 
In  the  typical  absorption  spike  the  precipitation  occurs  in  3 
latitudinally  narrow  region  (  <  50  kml  located  at  the  poleward 
border  of  a  poleward  moving  and  intensifying  westward  elec- 
iroiet  during  the  espansion  phase  of  a  substorm  [AfiWxen  and 
Grinina  Id.  1978;  Sielsen.  1980]  Evidence  has  been  reporlcd 
bv  Biordal  el  al.  [1971]  for  a  narrow  precipitation  region  in 
the  north-south  direction  but  wuh  a  large  extension  in  (he 
east-west  direction  during  impulsive  electron  precipitation 
evems  in  the  midnight  sector  near  the  onset  of  a  nee  itive  bav 

Direct  measurements  from  satellites  of  energetic  electron 
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spikes  on  latitudes  below-,  at.  or  above  the  local  trapping 
boundary  have  been  reporlcd  on  numerous  occasions  [e  e . 
McDiarmid  and  Burr  on  s.  1965;  Brown  and  Stone.  1972]  In 
addition,  electron  "islands"  have  been  reported  in  the  geomag¬ 
netic  tail  [e  g..  Anderson.  1965:  Veny,  1971.  Keath  et  al.  I976; 
Rnebf  et  al..  1976],  and  these  may  be  related  to  the  spikes 
observed  at  low  satellite  altitudes.  Sielscn  et  al.  [ll)S2]  have 
reported  measurements  of  the  energy  spectrum  t  <  1(81  kcV|  of 
field-aliened  electron  fluxes  al  synchronous  altitude  at  the 
time  of  an  absorption  spike  which  occurred  in  the  region  of 
the  magnetic  flux  tube  mapped  through  the  satellite  However, 
because  spikes  often  appear  very  dvnamte  in  nature,  the  spa¬ 
tial  temporal  aspects  of  the  phenomena  are  difficult  to  unravel 
from  single-satellite  particle  measurements 

From  a  properly  positioned  and  instrumented  satellite  the 
temporal  and  spatial  variations  of  electron  precipitation  can 
be  separated  by  measuring  the  bremsstrahlung  X  rav  pro¬ 
duction  Enerey  spectral  information  can  also  be  obtained 
from  the  bremsstrahlunc  measurements  in  a  manner  nearlv 
independent  of  elFects  of  ihe  atmosphere  and  location  ecomc 
trv  Such  measurements  can  potentially  provide  an  answer  to 
the  important  question  as  to  whether  the  spike  events  are 
associated  with  electrons  having  energies  of  -  1(8)  keV  or 
greater  Sjtellite-measured  bremsstrahlung  X  rav  data  are  of 
particular  value  when  combined  wuh  ground-based  measure¬ 
ments.  such  as  those  taken  with  riometers  and  magnetometers, 
since  Ihe  latter  provide  a  dillcrcnt  time-space  perspective  To 
date,  no  investigations  have  been  reported  wuh  detailed  data 
as  outlined  above  Some  bremsyirahlung  X  rav  studies  have 
been  made  of  impulswe  electron  precipitation  events  al  high 
latitudes  (f"iliof  Cl  al  .  |9'S],  but  these  measurements  were 
capable  oniv  of  verv  coar-e  spii’.il  coverage  M.mv  nomcl-r 
absorption  .pikes  have  been  recorded  at  Inch  I. mimics,  includ 
ing  the  south  pole  [Il,if,i6  in  '  *  t  ai  I  )  J  ’  Kut  to  date  t'icrf 

ha.  been  no  opporiunuv  lor  , . .  .y  'h  brrnisytr.iMune 

X  rav  me  lviremcnts  Ironi  h-ch  ihu.tdc-  P-rsc-nte  f  here  ire 
coordinated  X  rav  and  ri.-rr.-der  d  i'.i  .n  line  I  during  an  elec 
Iron  precipitation  event  'h.ii  occurred  on  Jane  2".  I'fs2.  m  the 
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Fig  I  Schematic  presentation  of  the  areal  viewed  by  each  of  the  si*  cadmium  tellunde  spectrometers  (Aa  Ah  Ca.  Cb. 
Da  asd  Dbl  performing  at  the  time  of  the  measurements  presented  here  In  the  left-hand  section  are  illustrated  the 
locations  of  the  zones  covered  when  the  satellite  was  at  the  indicated  position  during  the  south  polar  cap  crossing  of 
interest  In  the  nghi-hand  section  the  hatched  regions  indicate  the  areas  observed  by  each  of  the  sensors  at  si*  different 
times  during  a  single  spin  of  the  satellite 


vicinity  of  South  Pole  Station  During  this  event  the  precipi¬ 
tating  electron  fluxes  were  extremely  high,  and  a  spike  of  very 
short  duration  occurred  at  the  time  of  the  X-ray  measure¬ 
ments. 

Description  of  Instrumentation 
Satellite  .V  Rais 

The  bremsstrahlung  X  ray  mappings  presented  here  were 
obtained  with  an  array  of  cadmium  tellunde  spectrometers  on 
board  the  P7S-I  spacecraft  and  with  a  large-area  imaging  pro¬ 
portional  counter  in  the  stimulated  emission  of  energetic  parti¬ 
cles  ISEEP)  payload  onboard  the  SSI-I  satellite  The  P78-I 
spacecraft  was  launched  into  a  sun-synchronous,  noon- 
midntghl.  nearly  circular  polar  orbit  at  ~  600  km  altitude  on 
February  24.  1979,  and  is  still  providing  good  data  after  5 
years  in  orbit.  The  satellite  spins  with  a  period  of  —  5.5  s 
about  an  axis  perpendicular  to  the  orbit  plane  and  pointed 
eastward  at  the  ascending  node.  Thus  the  array  of  eight  cad¬ 
mium  tellunde  X  ray  detectors,  oriented  at  selected  view 
angles  with  respect  to  the  spacecraft  spin  axis,  provides  fine- 
scale  mappings  of  the  sources  of  X  rays  >21  keV  The  instru¬ 
mentation  is  described  in  more  detail  elsew  here  [ Imhnf  et  at.. 
1980],  but  for  the  convenience  of  the  reader  the  viewing  geom¬ 
etry  is  considered  here  The  areas  of  the  atmosphere  viewed  by 
each  of  the  six  spectrometers  operational  at  the  time  of  pres¬ 
ent  interest  are  illustrated  schematically  in  Figure  I  during  the 
pass  when  the  X  ray  spike  was  observed  During  the  satellite 
pass  the  geographic  south  pole  was  observed  with  the  two 
detectors  labeled  Da  and  Db  At  any  given  instant  a  spec¬ 
trometer  can  new  at  most  only  a  portion  of  its  full  /one 
Approximate!!  3  s  are  required  for  the  field  of  new  to  sweep 
completely  across  the  swath  as  illustrated  m  the  right-hand 


section  of  Figure  I.  In  this  simplified  drawing  penumbra  ef 
fects  are  neglected  along  with  any  absorption  of  the  X  ra\s  in 
the  atmosphere.  It  is  possible  to  unfold  information  on  the 
spatial  distributions  of  the  bremsstrahlung  X  rav  sources  from 
the  counting  rates  observed  at  each  of  the  different  orienta¬ 
tions  of  the  satellite  during  its  spinning  motion  and  at  various 
positions  during  the  forward  movement 

For  the  X  ray  proportional  counter  Imaging  spectrometer  in 
the  SEEP  payload  a  wide-angle  field  of  view  (±45  I  was  di¬ 
vided  into  16  pixels  in  the  direction  perpendicular  to  the  satel¬ 
lite  trajectory.  The  counter  responded  to  X  ravs  over  the 
energy  ranee  from  4  to  40  keV.  The  instrumentation  was 
mounted  on  the  three-axis  stabilized  SSI-I  satellite  in  polar 
orbit  at  an  altitude  of  about  270  km  for  the  data  presented 
here.  The  instrumentation  will  be  described  in  papers  bv  W 
Calvert  et  at.  and  H.  D  Voss  et  al.  (private  communication. 
1984) 

South  Pole  Station 

The  facilities  for  upper  atmosphere  phvsics  research  at  the 
geographic  south  pole  were  recently  expanded  to  emphasize 
coordinated  studies  of  the  polar  cusp  and  auroral  oval 
[Detrick  et  al..  1982]  In  this  paper  we  consider  only  the  rio- 
meter  and  magnetometer  measurements.  Cosmic  radio  noise  is 
measured  with  riometers  and  broad-beam  antennas  operating 
at  20  5.  30.  and  51.4  MHz  The  circular  (  ±  30  )  antenna  pat¬ 
terns  are  centered  on  the  zenith  and  provide  fields  of  view  of 
IDO-km  diameter  at  the  D  region  heights  (Rfl-UQ  kml.  where 
most  of  the  enhanced  ionization  caused  bv  energetic  electron 
precipitation  occurs  Ionospheric  absorption  relative  to  a 
qmet-day  signal  level,  computed  hv  the  method  described  bv 
Knshnasvmmr  and  Detriik  [1983],  is  obtained  from  the  din 
tally  sampled  (at  I  Hz)  nometer  data  Surface  variations  of  the 
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geomagnetic  field,  also  sampled  at  1  Hz.  are  measured  with  a 
three-axis  flux  gate  magnetometer  having  temperature  com¬ 
pensation  The  three  components  of  the  field  were  measured  in 
the  magnetic  north-south  ( H ),  east-west  (D),  and  vertical  (Z: 
positive  increase  upward)  directions. 

Experimental  Results 
General  Feature s  of  the  Eient 

The  Ijrgest  auroral  absorption  event  recorded  during  1982 
at  South  Pole  Station  IE  s  13)  occurred  near  23(X)  UT  on 


June  27  when  the  station  was  in  the  dusk-midnight  local  time 
sector  11930  MLT)  The  absorption  profiles  for  this  event  .lie 
shown  in  F  igure  2.  Absorption  becan  at  22*  ’  I  T,  reached 
maximum  intensity  at  2258  UT,  and  recovered  rapidly;  how¬ 
ever,  weak  residual  activity  could  still  be  detected  as  late  as 
2<J<X)  UT  The  peak  absorption  exceeded  10  dR  at  30  MFIz  At 
the  peak  the  20  5MHz  riometer  signal  was  so  weak  that 
available  calibrations  of  the  riometer  response  ate  inidcqu.nr 
to  determine  the  actual  absorption  at  this  frequency  An  ab¬ 
sorption  spike  (  -  I  dR  increment  at  each  frequence  I  of  short 
duration  ai  about  2  301  l'T  is  highlighted  in  I  icure  2  with  a 
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Fi*.  3.  Schematic  illustrations  of  the  ionospheric  and  field-aligned 
current  systems  witfi  respect  to  South  Pole  (SPI  Station  at  four  differ¬ 
ent  times  during  the  overall  event.  A  westward  electrojet  moves  pole- 
ward  over  the  station,  reaching  its  maximum  excursion  at  Figure  id. 
A  short-lived  eastward  current  (Figure  3cl  develops  equatorward  of 
the  westward  electrojet  at  the  time  of  the  precipitation  spike. 

shaded  strip  spanning  the  time  period  of  data  presented  later 
in  Figures  5  and  7.  This  spike  was  well  covered  with  the  P78-I 
X  ray  measurements  and  is  the  main  subject  of  the  present 
paper.  Note,  however,  that  this  spike  is  not  a  typical  example 
of  the  absorption  spikes  previously  reported  and  referenced 
above.  The  spike  did  not  occur  at  the  onset  of  the  event  and 
(see  belowi  was  associated  with  an  eastward  elecirojet. 

Fluxgate  magnetometer  measurements  (Figure  2)  at  South 
Pole  Station  indicate  that  the  energetic  electron  precipitation 
responsible  for  the  overall  absorption  event  was  associated 
with  a  poleward  moving  substorm  surge  The  surge  current 
becan  to  be  clearly  detected  at  South  Pole  Station  at  ~  2245 
UT  as  the  H  component  of  the  local  field  began  to  decrease 
and  the  Z  component  began  a  sharp  increase  This  signature 
indicates  a  westward  current  equatorward  of  the  station.  The 
maximum  depression  in  the  north-south  component  occurred 
at  '2255  UT  and  saturated  the  instrument.  As  the  current 
surge  moved  overhead  from  the  equator  toward  the  (geomag- 
netici  pole  I AZ  -  0  at  -  2258  UT).  a  sharp  decrease  was  ob¬ 
served  in  the  D  component  value,  corresponding  to  an  en¬ 
hanced  westward  field  direction.  The  Z  component  reached  its 
maximum  negative  excursion  at  —2301  UT.  at  the  time  of  the 
small  positive  spike  in  the  H  component.  In  the  absence  of  this 
spike  the  magnetic  traces  suggest  that  the  Z  component  would 
have  reached  a  maximum  negative  value  al  -  2303  UT.  prob- 
ablv  corresponding  to  the  maximum  poleward  excursion  of 
(he  westward  electrojet 

The  location  of  South  Pole  Station  relative  to  the  iono¬ 
spheric  and  field-aligned  current  systems  at  three  different 
limes  during  the  overall  event  is  shown  in  a  schematic  fashion 
in  f  igures  3u.  3h.  and  id  The  actual  longitudinal  extents  of 


the  current  systems  are  unknow  n  because  of  (he  limitations  in 
observation  sites.  These  depictions  are  based  upon  the  sub¬ 
storm  current  wedge  concept  of  McPherron  et  al.  [1973]  At 
the  time  of  the  overhead  passage  of  the  westward  current. 
South  Pole  Station  appears,  from  the  D  component  variations, 
to  have  momentarily  been  quite  close  to  (a  little  west  and 
poleward  of)  an  intense  downward  field-aligned  current 
(Figure  ib ).  If  the  maximum  excursion  in  the  horizontal  com¬ 
ponent  field  is  taken  as  -  1800  nT,  then  the  intensity  of  the 
westward  electrojet  which  moved  across  the  station  (assumed 
at  100  km  altitude)  was  -9  x  I05  A. 

At  the  time  of  the  absorption  spike  near  2301  UT  the  P78-I 
satellite  was  in  the  southern  hemisphere,  and  enhanced  fluxes 
of  X  rays  emitted  from  the  vicinity  of  the  geographic  south 
pole  were  observed  in  two  of  the  CdTe  spectrometers.  From 
the  central  values  and  the  observed  widths  of  the  peaks  in  the 
angular  distributions  it  was  possible  to  obtain  mappings  of  the 
X  ray  sources.  Since  the  satellite  was  in  the  outer  edge  of  the 
radiation  belts  during  much  of  the  pass,  some  bremsstrahlung 
X  rays  were  produced  in  the  vehicle:  these  relatively  low  back¬ 
grounds  were  subtracted  on  the  basis  of  the  observed  angular 
distributions.  An  X  ray  mapping,  expresses  in  terms  of  counts 
per  second,  obtained  at  times  before  and  after  the  spike  at 
-2301  UT.  is  shown  in  Figure  4a.  (The  X  ray  emission  during 
the  spike  is  treated  separately  in  Figure  6  and  discussed  later  I 
Each  of  the  small  squares  in  Figure  4a  represents  an  area 

—  113  x  -113  km.  Six  different  shadings  are  used  to  indicate 
the  counting  rates  of  21-  to  68-keV  X  rays  corrected  for  source 
area  and  distance  to  source  with  an  arbitrary  normalization. 
Since  the  source  regions  were  observed  from  low  altitudes 
with  a  wide  field  of  view,  the  corrections  cannot  be  performed 
with  high  precision.  The  maps  indicate  the  general  regions  of 
X  ray  emission  but  do  not  resolve  fine-scale  structure  in  the 
intensity  profiles.  For  the  measurements  shown  in  Figure  4. 
certain  areas  of  the  atmosphere  were  viewed  for  longer  time 
periods  than  others,  so  the  statistical  sampling  for  obtaining 
the  averages  is  not  uniform.  The  squares  marked  with  an  N 
indicate  regions  that  were  not  sampled  during  the  time  imer- 
val.  Overall,  the  mappings  clearly  indicate  that  the  X  ravs 
were  emitted  predominantly  from  a  large  region  encompassing 
the  geographic  south  pole 

Approximately  40  min  after  termination  of  (he  P78-I  satel¬ 
lite  pass  over  the  southern  polar  cap.  finer-scale  X  ray  map¬ 
pings  at  lower  energies  i4-40  keVl  were  obtained  with  the  X 
ray  imager  in  the  SEEP  payload  on  the  SSI-I  satellite.  The 
observed  X  ray  emissions  are  indicated  in  Figure  4 h  in  a  map 
covering  exactly  the  same  region  of  space  as  in  1  igute  4,i  This 
map  reveals  a  localized  region  of  strong  X  ray  emission  that  is 

—  400  km  magnetically  east  of  the  geographic  south  pole: 
however,  the  field  of  view  of  the  X  ray  imager  is  rather  limited, 
and  it  does  not  include  the  south  pole  itself  where  a  residual 
riometer  absorption  (<0.3  dBl  was  still  present  (not  shown 
here) 

At  about  the  lime  when  the  SEEP  X  ray  mappings  were 
performed  in  the  southern  polar  cap  the  X  ray  emissions  over 
the  north  polar  region  were  mapped  from  the  P'78- 1  space¬ 
craft.  In  contrast  to  (he  earlier  measurements  over  the  south 
polar  cap.  no  major  regions  of  enhanced  X  ray  emission  were 
observed  poleward  of  the  trapping  boundary  Allhough  (he 
conjugate  position  to  the  geographic  south  pole  was  not 
within  the  field  of  view  of  the  X  ray  spectrometer  on  this  pass 
over  the  north,  conjugate  regions  to  areas  of  X  ray  emission 
previously  seen  in  the  southern  polar  cap  were  within  the 
viewing  range  of  the  X  ray  spectrometer  However,  no  signiti- 
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Fig  5  liopt  X  ray  counts  recorded  per  1.152  5  in  each  of  the 
detectors  Da  and  Db  tbotloml  Ratios  of  counts  in  channel  2  00-16 
ke\l  to  those  recorded  in  channel  I  (21-JO  keV)  in  each  of  the  spec¬ 
trometers  Dj  and  Db  (mtddlel  The  riometer  absorptions  recorded  at 
the  south  pole  at  three  different  nometer  frequencies 


cant  (fuses  of  X  rays  were  observed  to  be  emitted  from  these 
regions 

The  X  ray  intensity  versus  time  profiles  for  the  spike  are 
compared  in  Figure  5  with  the  cosmic  noise  absorptton  mea¬ 
sured  at  South  Pole  Station  A  threshold  energy  of  30  keV  has 


been  selected  for  the  X  ray  fluxes  to  enhance  the  prominence 
of  the  -  10-s  duration  spike  The  ratio  of  X  ray  counts  in 
channel  2  (30-46  keV)  to  those  recorded  in  channel  I  121-30 
keV)  is  plotted  in  the  bottom  section  of  Figure  5  to  provide  a 
measure  of  the  spectral  changes  with  time.  As  for  the  X  ray 
flux  plots,  the  solid  symbols  indicate  when  each  detector 
viewed  the  south  pole.  Clearly,  the  X  ray  energy  spectra  and 
therefore  the  inferred  preetpitating  electron  energy  spectra 
were  harder  (larger  number  of  higher-energy  X  rays)  during 
the  enhanced  precipitation  spike  than  before  or  after. 

After  '-2301  (JT  the  riometer  absorption  decreased  rapidly 
(Figure  S).  while  the  X  ray  fluxes  emitted  from  a  large  area  at 
the  south  polar  region  remained  relatively  constant,  as  did  the 
shape  of  the  X  ray  energy  spectrum  This  behavior  requires 
that  after  occurrence  of  the  spike  the  region  of  precipitation 
moved  away  from  South  Pole  Station  Possible  confirmation 
of  such  a  movement  comes  from  the  SEEP  X  ray  measure¬ 
ments  at  a  much  later  time  (-'2344  UT)  when  an  enhanced 
region  of  X  ray  emission  at  lower  energies  was  observed  over 
a  small  area  about  400  km  from  the  south  pole 

The  spatial-temporal  features  of  the  X  ray  emission  around 
the  lime  of  the  spike  at  2300  40  UT  are  illustrated  sche¬ 
matically  in  Figure  6  with  a  time  sequence  senes  of  maps.  The 
raw  counting  rates  in  each  of  the  detectors  that  viewed  the 
south  pole  are  shown  in  Figure  6  along  with  schematic  indica¬ 
tions  of  the  areas  from  which  the  X  rays  were  emitted  It  is 
unlikely  that  the  apparent  spatial  variation  in  the  X  ray 
measurements  is  associated  with  satellite  motion  since  during 
that  interval  its  position  chanced  by  only  30-40  km.  a  dis¬ 
tance  smaller  than  the  spatial  resolution  of  the  X  ray  mapper. 
These  data  therefore  indicate  a  spaital  movement  of  the  pre¬ 
cipitation  region  from  the  area  covered  by  detector  Da  to  that 
covered  by  Db.  Since  the  riometer  spike  at  South  Pole  Station 
occurred  at  approximately  the  same  lime  as  the  X  ray  spike  in 
detector  Db  which  encompassed  the  south  pole,  one  concludes 
that  the  motion  of  the  spike  was  generallv  toward  the  latter 
position  Such  a  finding  is  consistent  wiih  the  situation  d’S- 
cussed  by  Hargrearei  et  al  [1979]  in  which  a  spike  event  in 
cosmic  noise  absorption  moves  rapidly  in  a  direction  at  right 
angles  to  the  elongation. 

Electron  Eneray  Spectrum  and  Precipitation  Rate 

The  observed  X  ray  intentsitics  and  energv  spectra  for  the 
spike  at  2300:40  UT  were  compared  with  theoretical  calcula¬ 
tions  by  IV ah  et  al  [1979]  of  X  rav  bremsstrahlung  expected 
for  incident  electron  fluxes  having  exponential  spectral  shapes 
and  for  various  atmospheric  escape  angles.  This  comparison 
indicates  that  the  spike  event  was  produced  by  an  electron 
spectrum  having  an  (-fold  energy  of  -40  keV  with  an  esti¬ 
mated  uncertainty  of  ±1  keV  This  is  considerably  harder 
than  the  spectrum  of  field-aligned  electron  fluxes  reported  at 
geosynchronous  orbit  by  Sielscn  ct  al  [l°S2]  during  an  ab¬ 
sorption  spike.  The  Nielsen  et  al  eleclron  spectrum  could  be 
characterized  by  an  (-folding  energy  of  -11  keV  m  the 
10-100  keV  range 

From  the  best  fits  to  the  If  alt  et  at  [19*9]  theoretical 
curves  and  the  measured  X  ray  fluxes  in  detector  Da  it  is 
further  estimated  that  the  total  rate  of  precipitation  of  elec 
Irons  (>0  keV)  during  the  spike  within  the  field  of  view  of 
detector  Da  was  -2  x  I0;J  els  with  an  uncertaimv  of 
±1  x  I0!1  els  Detector  Da  was  used  for  this  comparison 
since  the  south  pole  location  was  close  to  the  spatial  border¬ 
line  between  detectors  Da  and  Db  and  the  spike  was  more 
intense  and  the  time  duration  belter  defined  in  Da 
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Fig  6.  Schematic  presentation  of  the  area?  viewed  by  detector?  Pa  and  Db  and  their  respective  counting  rales  at 
selected  times  around  the  narrow  spike  event  at  -  2300  40  UT 


An  estimate  of  the  total  precipitation  rate  in  the  spike  can 
also  be  obtained  from  the  magnetometer  response,  which  is 
compared  in  Figure  7  with  the  rtometer  data  The  precipi¬ 
tation  spike  was  accompanied  by  an  ~I50-nT  positive  im¬ 


pulse  in  the  II  component  field  The  ft  component  remained 
esscntiallv  unchanced  while  the  7  component  decreased  hv 
-75  nT  7  he  increase  in  the  II  component  and  ihe  additional 
decrease  in  Ihe  7.  component  can  he  attributed  to  Ihe  devel 
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Fig  7  The  south  pole  rtometer  absorption?  and  magnetometer  responses  at  t-s  resolution  around  the  time  of  the  spile 


opmem  of  a  short-lived  eastward  current  system  equatorward 
of  South  Pole  Station  (Figure  3c )  If  it  is  assumed  (hat  the 
eastward  current  system  ts  ~  1 50  km  from  South  Pole  Station, 
then  the  intensity  of  the  current  would  he  -  I  I  *  10’  A  This 
corresponds  to  '6  8  x  lO-’1  el  s  or  ^4  x  I016  ergs  s.  a  some- 
whjt  larger  value  than  that  deduced  from  the  X  rav  data 
taken  during  the  spike 


The  geometry  depicted  in  Figure  _V  is  similar  to  current 
patterns  discussed  in  connection  with  high  latitude  electroicts 
tn  the  postnoon  sector  bv  Rosrokcr  it  a  I  [  I97d]  See.  in  partic¬ 
ular.  their  Figure  7.  where  an  eastward  auroral  electroict  is 
shown  to  lie  equatorward  of  the  higher  latitude  westward  elec- 
trojet  Energetic  I  -  I  ’  to  -  150  keVI  precipitating  electrons 
were  reported  to  occur  within  the  poleward  portion  of  the 
-108- 
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region  of  eastward  flow  [Rmtnker  et  al .  1979]  Of  course, 
from  a  single  slalion  (he  interpretation  in  terms  of  an  east¬ 
ward  electrojct  is  not  unique  However,  this  interpretation  for 
the  short  lived  event  appears  more  reasonable  than  specu¬ 
lating  that  the  far  poleward  westward  electrojet  suddenly  in¬ 
tensified  and  moved  farther  poleward  momentarilv  If  the 
westward  electrojet  at  the  time  of  the  spike  was  -  ’(X)  km 
distant,  then  an  intensification  and  poleward  movement  would 
produce  a  larger  relative  change  in  Z  than  in  H  (by  about  a 
factor  of  21.  while  the  opposite  behavior  is  actually  observed 
(AZ  -  [00  nT.  A//  ~  200  nT;  Figure  7). 

Spuria/  Scale  of  Spike  Precipitation  Reamn 

The  prespike  absorption  at  30  and  51  4  MM?  was  at  essen¬ 
tially  constant  levels  of  4  l  and  17  dB.  respectively  Enhanced 
ionization  associated  with  the  spike  produced  an  additional 
'09  dB  absorption  at  each  frequency  The  ratio  between  the 
absorption  at  30  and  at  51  4  MHz  immediately  prior  to  the 
spike  was  '2  4.  whereas  an  absorption  ratio  si 
characterized  the  spike  precipitation  alone  This  frequency  de¬ 
pendence  of  the  absorption  can  be  used  to  infer  information 
about  the  spatial  scale  size  of  the  precipitation  region  and  the 
electron  energy  spectrum 

The  frequency  dependence  of  absorption  (.4,,)  at  the  zenith 
can  be  characterized  by  the  relation  4,,  ~ /'*,  where  /is  the 
riometer  radio  frequency  and  n  is  the  spectral  index  [Lcrlald 
et  al .  1964]  In  theory,  n  is  in  the  range  0-2.  the  value  for  anv 
given  event  being  dependent  on  the  predominant  altitude  at 
which  the  main  ionization  'S  produced  Typically,  auroral  ab 
sorption  occurs  in  the  upper  D  region,  for  which  n  =  2.  giving 
a  ratio  of  2  94  between  the  ahsorption  at  30  MHz  and  that  at 
51  4  MHz  However,  it  can  be  shown  that  absorption  will  be 
independent  of  frequency  In  =  0:  absorption  ratio  =  I  Oj  if  the 
precipitation-enhanced  ionization  is  predominant  at  low 
altitude  I  <  60  kml 

Because  unrealistically  high  electron  enercies  il  10  Mc\  l 
are  required  to  obtain  absorption  ratios  which  depart  signifi¬ 
cantly  from  f  ‘ ;  in  substorm  events,  the  more  likely  interpreta¬ 
tion  of  such  circumstances  is  that  suggested  hv  Yu/st-t  and 
A  xlord  [  1977]  and  Harqreat  cs  et  al  [1979]  They  showed  that 
smaller  ratios  could  occur  if  narrow,  intense  precipitation 
structures  onlv  partially  fill  the  field  of  view  of  a  broad  beam 
riometer  Thus  we  assume  that  the  absorption  spike  at  231'! 
L'T  labsorption  ratio  5  1 1  is  caused  bv  a  narrow  structure 
within  the  more  widespread  (absorption  ratio  ^  2  41  precipi¬ 
tation  that  is  part  of  the  recovery  of  the  main  absorption 
event  In  the  following  analvsis  we  adopt  the  "Gaussian  strip" 
geometry  of  Stelxen  and  1  xtord  [1977]  as  used  in  the  calcula¬ 
tions  bv  ffurqrcui  ps  et  uf  [1979] 

For  this  geometry  the  absorbing  region  has  the  form  .4  — 
4„  exp  I  -  x1  2x„!I.  where  x„  is  a  characteristic  width  of  the 
strip  expressed  as  a  fraction  of  the  assumed  height  of  the 
absorbing  laver  from  Figure  1  of  llarar,  at  i  v  cr  al  [|9’0] 
note  (hat  a  low  absorption  ratio  (  <  I  51.  coupler!  with  '  I  dll 
bro.n)  beam  absorption  at  M  4  MHz  las  in  the  spike  at  ?,|i| 
l  Tl.  requires  a  narrow  strip  lx,,  '"Oil  ami  a  high  zemthal 
absorption  I  >  ID  dll  at  51  4  M II zl  through  t fie  strip  \\  nh 
x,,  -  0  I.  and  assuming  ’>0  krn  for  tfie  height  of  I  tie  ab. orbing 
l  iver  a  strip  width  it  e  .  the  distance  between  e  1  t.,  points  of 
Ihe  reg'onl  of  ~  25  km  is  obtained 
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width  '  25  km  and  length  greater  than  IDO  km  (In  t!ie  et!  -r 
hand  the  viewing  geometry  of  ihe  Da  detector  on  P'S  - 1  indi¬ 
cates  a  maximum  source  width  of  '  25D  km  in  one  direction 
Therefore  for  purposes  of  computation  we  take  the  area  of  ihe 
region  of  X  ray  emissions  to  be  25  x  250  km  or  (i  2'  *  10  1 
cm:  If  the  precipitation  rate  of  2  *  I <1  * 5  e!  s  obtained  from 
the  X  rav  measurements  is  uniform  over  this  area,  then  ti  e 
precipitating  flux  of  electrons  (  >0  keVI  is  ~  '  <  ID'  el  cm  ; 
s  *  \  corresponding  to  an  isotropic  distribution  for  '  I  *  ID'* 
el  cm  ‘ !  sr  ‘ 1  s'1. 

We  can  also  estimate  the  total  electron  flux  from  the  ealeu 
latcd  zenithal  absorption  through  the  strip  I  ID  dB)  and  knowl¬ 
edge  of  the  input  electron  spectrum  The  spike  electron  spec¬ 
trum.  determined  from  the  X  ray  data,  is  characterized  hv  an 
e-folding  energy  of  40  kcV  For  this  spectrum,  and  using  the 
TANGLE  program  [I'nnjrak  and  Baron  1976]  to  compute 
modified  electron  density  profiles  and  resulting  absorption,  we 
obtain  a  total  electron  flux  I  >  0  keVd  of  '  I  «  It)1'  el  cm  ; 
sr  ' 1  s  ‘  in  agreement  with  the  value  obtained  from  the  X  rav 
data. 

Summary 

An  electron  precipitation  event  within  the  southern  polar 
cap  has  been  measured  with  the  satellite  hremsstrahlune  X  rav 
techique  in  conjunction  wnh  ground-based  riometer  and  mag 
netometcr  observations.  The  particular  feature  examined  in 
detail  was  an  intense  precipitation  spike  of  '  It)  s  duration 
Ooantitative  estimates  of  the  spatial  extent,  electron  enerev 
spectrum,  flux,  and  precipitation  rate  associated  with  the  -pike 
were  derived  in  a  reasonably  self-consistent  wav  from  the 
three  different  measurement  techniques  Ihe  following  char.iv 
(eristics  were  noted 

1  The  'pike  was  likely  associated  with  an  eastward  ton.- 
spheric  current  that  developed  cqualorward  v>f  the  mam  sub- 
storm  westward  elect roiet 

2  Poleward  motion  of  the  sp-ke  ami  m  tm  p'-cpit  ri->» 
regions  as  well  as  both  current  systems  can  interred  Irvn 
the  measurements 

3  The  spatial  extent  of  the  spike,  as  determined  hom  mol 
Itfrequencv  riometer  data,  is  coti'isient  with  a  drip  of  width 
'  25  km  and  length  greater  than  It'D  km 

4  An  t--fold  energy  of  '4ii  k-.-V  ch.it.i.'eri.—d  the 
prccipitati-m  a  harder  specr-urii  ih  in  vv  is  at-rncablc  to  ih»* 
precipitation  prior  to  and  following  the  spike 

5  The  (vital  rate  of  pievipu  mon  ot  eieett  -r.s  i  kgk  '  •' 
the  spike  was  determined  to  he  '  2  >  ID  '  s  1  ilro-u  the  X 
ray  dit.il  and  '6  8  <  10-'  s  1  (from  ill-  magn-nc  field  van 
ationsi  Ihe  discrepancy  m.tv  be  reined  to  underestimating 
ihe  electron  flux  below  '2D  keV  when  extrapolating  the  X 
ray -derived  spectrum  to  zero  enerev 

6  The  electron  flux  I  >  0  ke\  I  in  the  spike  derived  b  -u 
the  X  rav  and  riometer  data  is  i.ismiii'iiil-  isoiropvi  'I  ■  I1' 
cm  •  s  1  sr  1 

Several  features  of  ibis  spike  ate  .nv  pn  al  -I  ihe  xpd  e  *ev 
reporred  previouslv  I  hese  include  ihe  spike  v  olo.iiii,,m‘  (-- 
lowing  tfie  main  precipitation  event  either  if- in  al  the  or  . -- 
iis  assr'eiation  wuh  an  eastward  rlevlroi--t  ard  p  osmHv  i!  — 
hardness  of  ihe  c'-eclr-'n  sj'e-elrnin  f  urlher  siuds  tv  requite  !  !  - 
(f-u-er  mine  if  ifiese  fea lures  repre  -  em  !-ir  -  lame-oul  dillc-e-i-  e--  r: 
Ifr-  prr  :pii  Kirn  provt'ors  a  -n-”i  g  v  I  is  sc-.  ,  -  I  -pike  ev 

T  fie  c  oor-l  i  n  lied  d  ill  dr.,  ipse  j  }■■■•  e  n  i- :  i  -  Me  »vv  a  .  -i-  -  , 
n.lfl-ui  ol  hi  -:-l  I  r  .1  h  liiT-r  \  r  is  iv-i-'-i-  !»’  I  creu'd  I  ■  .  1 

ri'-.i-im . .  -  -  v  in  b  -  --  -d  I  -  ■  - •  i . * .  r  ----■.  v  . . 

p-ec  qui.lttou  event--  |  -Milur  i,b.  in./-  «  o'  l'-'  /'p-vted  b 
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improvements  in  instrumentation  to  provide  finer  scale  X  ray 
and  absorption  mappings. 
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The  broadband  very  low  frequency  (VLF,  0J-30  kHz)  radiation 
from  lightning  propagates  in  the  Earth-ionosphere  cavity  as  impul¬ 
sive  signals  (spherics)  and  in  the  dispersive  plasma  regions  of  the 
ionosphere  and  magnetosphere  it  propagates  as  tones  of  descending 
or  rising  frequency  (whistlers)1.  VLF  radio  waves  propagating  in 
the  magnetospheric  plasma  scatter  energetic  electrons  by  whistler¬ 
mode  wave-particle  interactions  (cyclotron  resonance)  into  the 
atmosphere1-*.  These  electrons,  through  collisions  with  the  at¬ 
mospheric  constituents,  cause  localized  ionization,  conductivity 
enhancement,  visual  and  ultnviolet  light  emissions,  and  brems- 
strahlung  X  rays.  We  have  reported  previously  on  the  precipitation 
of  energetic  electrons  from  the  radiation  belts  by  the  controlled 
injection  from  the  ground  of  VLF  radio  waves,J.  Here  we  report 
the  first  satellite  measurements  of  electron  precipitation  by  light¬ 
ning.  The  measured  energy  deposition  of  these  conspicuous  light¬ 
ning-induced  electron  precipitation  (LEP)  bursts  (— 10-3  erg  cm-1) 
Is  sufficient  to  deplete  the  Earth's  radiation  belts  and  to  alter 
subionospheric  radiowave  propagation  (?1  MHz).  A  one-to-one 
correlation  is  found  between  ground-based  measurements  of  VLF 
spherics  and  whistlers  at  Palmer,  Antarctica,  and  low-altitude 
satellite  (S8I- 1 )  measurements  of  precipitating  energetic  electrons. 

Detailed  measurements  of  the  pulse  shape,  spectrum,  and 
pitch  angle  distribution  of  LEP  events  have  not  previously  been 
obtained  nor  have  direct  satellite  or  ground-based  measurements 
of  LEP  events  been  obtained  within  the  plasmasphere  where 
most  VLF  whistler  activity  occurs’  The  plasmasphere  (average 
magnetic  invariant  latitude  *;60°)  is  characterized  by  cold 
plasma  densities  of  1 0 1  - 10*  electrons  cm'*  and  is  the  region  of 
the  magnetosphere  which  contains  the  bulk  of  the  radiation 
belts.  The  only  in  j ilu  measurement  of  lightning-induced  elec¬ 
tron  precipitation  that  we  are  aware  of  was  reported  by  Rvcroft10 
using  rocket  data  He  observed  a  single  electron  burst  event 
having  the  proper  time  relationship  to  an  associated  whistler 
and  explained  the  observation  as  a  gyro  resonant  interaction 
between  -lOOkeV  electrons  and  a  j-hop  whistler  taking  place 
in  the  magnetosphetic  equatorial  plane.  Our  in  jnu  satellite 
observations  confirm  this  initial  rocket  measurement  by  estab¬ 
lishing  a  one-to-one  correlation  with  a  series  of  strong  electron 
burst  events  and  clarify  the  details  of  the  precipitating  electron 
temporal  behaviour  Electron  precipitation  due  to  whisiler-trig- 
gered  emissions  outside  of  the  plasmasphere  has  been  observed 
with  balloon-borne  X-ray  detectors*  and  ground-based  photo¬ 
meters"  l!  Indirect  evidence  of  LEP  events  within  the  plasmas¬ 
phere  has  been  derived  from  amplitude  and  phase  perturbauons 
in  VLF  signals  propagating  in  the  Earth-ionosphere 
waveguide” 

High  sensitivitv  measurements  and  fine-resolution  energy 
spectra  f  2  *-  £  «'  1 ,000  keV|  of  the  prominent  LEP  bursts  we  re 
obtained  with  a  cooled  solid  state  spectrometer  array 1 '  included 
as  part  of  the  stimulated  emissions  of  energetic  particles  (SEF  PI 


experiment  on  the  three-axis  stabilized,  low-altitude  (  —  330  km  l 
SSI  - 1  sale  Mile.  The  trapped  energetic  (TE I  electron  spectrometer 
(±20°  field  of  view)  was  aligned  perpendicularly  10  the  orbil 
plane  and  during  these  observations  was  at  an  angle  of  89°  to 
the  local  magnetic  field  line.  The  TE  detector  had  a  geometrical 
factor  of  0.17  cm1  sr  and  was  cooled  (  —  120  °C >  to  achieve  a 
system  noise  resolution  of  1 .2  keV  FWHM.  An  identical  detector 
was  positioned  to  observe  electrons  with  ceniral  pitch  angles 
( or )  of  52°.  The  medium  energy  (ME),  precipitating  electron 
spectrometer  (±30°  field  of  viewl  was  aligned  to  the  zenith 
direction  and  during  these  observations  was  at  an  angle  of  25° 
to  the  local  magnetic  field  line.  The  ME  geometrical  factor  was 
2.47  cm:  sr. 

Seven  LEP  events  recorded  on  9  September  1983  with  the 
SEEP  experiment  TE  particle  spectrometer  are  shown  in  Fig  I 
(A-Gl  with  the  simultaneous  VLF  spectra  received  at  Palmer, 
Antarctica  (  L  »  2.3).  These  LEP  event  signatures  are  interpreted 
as  follows.  The  whistler  wave  in  passing  through  the  magnetos¬ 
phere  from  north  to  south  alters  the  pitch  ancles  of  energetic 
trapped  electrons  which  are  moving  northward  and  can.  there¬ 
fore.  resonate  with  the  VLF  wave  This  interaction  reduces  ihe 
pitch  angles  of  some  of  the  electrons,  lowers  their  mirror  points 
below  the  satellite  altitude,  and  produces  the  first  electron  pulse 
of  the  event.  Some  of  these  electrons  are  then  magnetically 
reflected  and  some  are  scattered  by  the  atmosphere,  resulting 
in  an  electron  bunch  moving  to  Ihe  Southern  Hemisphere  where 
the  lower  mirroring  altitude  (due  to  the  South  Atlantic  anomalv  I 
causes  the  electrons  to  encounter  the  atmosphere  Some  elec¬ 
trons  are  backscattered  by  the  atmosphere  and  return  to  the 
Northern  Hemisphere  where  they  are  observed  as  the  second 
pulse  in  the  event.  Subsequent  reflections  and  backscatterine  in 
the  Northern  and  Southern  Hemispheres  produce  the  train  of 
pulses  of  diminishing  intensity  which  makes  up  the  individual 
events  shown  in  Figs  I  and  2.  These  measurements  were  made 
3  days  after  the  strong  magnetic  storm  I D„  =  -297 1  of  6  Septem¬ 
ber  1982.  Magnetic  storms  of  this  intensity  are  known  to  inject 
electrons  which  diffuse  into  the  slot  region  (2<  L<3>  of  the 
radiation  belt  several  days  after  the  storm  onset'*1’. 

In  the  strong  LEP  events  A,  D.  and  E.  electron  fluxes  are 
observed  to  increase  rapidly  in  strrngih.  about  100  times  back¬ 
ground,  in  <200  ms  The  env  elopes  of  the  ir.div  idual  pulses  then 
decay  relatively  slowly  to  background  levels  over  several 
seconds.  Event  G  is  a  factor  of  10  above  background  and  event 
F  about  three  times  background  Fvents  B  and  C  are  relatively 
weak  on  the  integral  energy  display  of  Fig  1  but  are  more 
prominent  in  the  differential  energy  spectrum  (120-  B  ■' 
|40keV)  The  reason  why  the  multiflash  LEP  event  E  does  not 
show-  echo  pulses  may  he  due  to  the  superposition  of  four  closely 
spaced  LEP  hursts.  The  flux  measured  with  the  ME  detector 
(o  =  25°)  is  a  factor  of  — 10  less  than  the  flux  measured  with 
the  TE  detector  ( a  ~  89°)  indicating  an  anisotropic  pitch  angle 
distribution  peaked  near  90’  at  the  satellite  altitude  V  LF  spectra 
of  lightning  generated  spherics  and  whistlers  were  detected  lit 
the  coniugate  hemisphere  at  Palmer  Station.  Antarctica,  l65:  S, 
64°  \V>  and  are  shown  in  Fig.  la  The  uniform  iransmon  in  V  LF 
wave  intensity  at  -I  9kHz  indicates  a  well  defined  Earth- 
ionosphere  waveguide  cutot!  frequency  The  scaled  sphen.s  and 
whistlers  are  shown  beneath  the  VI  F  spectrogram  The  dashed 
portion  of  a  scaled  whisiler  curve  is  extrapolated  based  on  the 
observed  solid  portion  and  (he  known  properties  of  more  com¬ 
pletely  defined  events  such  as  F  The  conjugate  of  the  SE  f  P 
satellite  160"  S,  98°  \V)  is  34°  to  the  west  of  Palmer  and  thus  the 
VLF  spectrogram  intensitv  al  Palmer  is  nol  sirrplv  related  to 
the  m.i  eneio^pheric  whistler  intensity  nor  to  the  flux  of  precipi¬ 
tating  electrons 

Whistler-dispersion  techniques'  are  used  to  identify  the 
spherics  that  precede  the  delaved  whisper  sicn.il  on  the  \l  f 
spectrogram  [  vent  F  has  four  similar  whistler  traces  within  a 
|-s  period  and  is  consistent  with  r inltiflatfi  lirhinirp  Fvent  f 
also  has  two  hehtmnp  flashes  assno.vrd  with  if  \n  important 
observation  is  th.it  the  spherics  precede  the  p r  i k  of  e.u  h  l  f  P 
event  bv  the  e '  p  •-'  <  ted  time  interval  i  •  <)  4  si  for  .ill  seven  c  a  ^  e  > 
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Fig.  I  Energetic  elearon  measurements  obtained  with  the  S8I  -  I  satellite  are  correlated  one-to-one  with  concurrent  ground-based  VLF  w  histlers 
at  Palmer  Station.  Antarctica  165’ S.  64"  W,  !.=■  2.3).  Panels  a  and  b  show  the  VLF  spectrograms  and  the  scaled  whistlers  and  spherics.  The 
uppermost  insets  show  the  Palmer  VLF  data  with  an  exp  tded  time  scale  for  the  seven  LEP  events.  The  strong  energetic  electron  bursts 
labelled  A,  D  and  E  have  peak  fluxes  that  are  100  times  background  levels.  The  sampling  interval  for  the  energetic  panicle  measurements  is 
64  ms.  The  solid  lines  and  arrows  represent  spherics  that  were  directly  identified  on  these  (and  other)  records,  while  the  dashed  lines  represent 
time  estimates  based  on  evidence  of  essentially  identical  dispersion  propemes  in  all  events. 


Further  evidence  for  the  triggering  of  precipitation  by  light¬ 
ning  is  given  by  the  LEP  pulse  shapes  and  spectra.  In  the  pulse 
shapes  of  LEP  events  A,  D,  F  and  G.  repetitive  pulses  of  constant 
period  and  decaying  amplitude  that  follow  the  LEP  peak  are 
conspicuous.  Figure  2  shows  LEP  events  F  and  G  on  an  expan¬ 
ded  scale  with  the  associated  whistler  signals  and  the  subiono- 
sphencallv  propagating  signals  from  the  transmitter  NAA  as 
received  at  Palmer.  The  detailed  characteristics  of  the  LEP  events 
shown  in  Fig.  2  include:  (I)  the  rapid  rise  of  electron  flux:  (2) 
the  subsequent  and  relatively  slow  decay  of  the  flux:  (3)  the 
in-phase  and  repetitive  pulses  on  the  TE  and  ME  detector 
(labelled  1-3  for  event  F  and  1-5  for  event  G):  (4)  the  greater 
intensity  of  the  near  90°  pitch  angle  flux  (TE)  compared  with 
the  near  0°  pitch  angle  flux  I  ME);  and  ( 5)  the  weak  or  completely 
absent  first  pulse  on  the  ME  spectrometer  (indicating  a  high 
ratio  of  drift-loss-cone  to  direct  bounce-loss-cone  flux)  com¬ 
pared  with  the  subsequent  pulses  (labelled  2-5  for  event  G). 

A  pulse  period  of  0.32s  is  associated  with  pulses  I  -7  of  event 
A  This  period  agrees  with  the  bounce  time  of  relativistic  elec¬ 
trons  (-  l50keV)  echoing  between  conjugate  hemispheres  at 
L  =  2.l  For  175-keV  electrons,  the  relativistic  velocity  is  0  67c 
and  for  1 25  ke  V  electrons  0.60  c,  where  c  is  the  velocity  of  light. 
As  the  velocity  approaches  c  the  bounce  period  becomes  less 
sensitive  to  electron  energy  variations.  For  the  above  energy 
difference,  about  five  bounce  periods  (pulses)  can  occur  before 
the  175-keV  electrons  arc  180°  out  of  phase  with  the  125-keV 
electrons  The  pulse  penod  of  LEP  event  G  at  L  =  2.3  is  0  38  s. 
This  longer  period  relative  to  LEP  event  A  agrees  with  the  longer 
path  length  of  relativistic  electrons  echoing  between  conjugate 
hemispheres  at  L  =  2  3  instead  of  L  =  2. 1 . 

Examination  of  the  electron  energy  spectra  of  LEP  events 
A-G  indicates  a  prominent  but  broad  peak  in  electron  energy 
between  SO  and  200  keV  that  decreases  in  energy  with  increasing 
L.  From  comparison  of  the  travel  time  characteristics  of  the  9 
September  1082.  whistlers  with  similar  but  more  completely 
defined  events  recorded  on  another  day  at  Palmer  when  whistler- 
associated  precipitation  was  observed'",  (he  equatorial  electron 


density  at  L  =  2. 1  is  estimated  to  have  been  3,200  electrons  cm’’. 
Assuming  ducted  propagation  the  VLF  wave  frequency  would 
be  ~4  kHz  based  on  an  equatorial  gyroresonant  interaction  with 
150  keV  electrons.  This  frequency  is  in  the  upper  region  of  the 
more  broadly  defined  whistlers,  such  as  event  F. 

Figure  2a  shows  a  small  perturbation  in  the  signal  received 
at  Palmer  from  NAA  (propagating  in  the  Earth-ionosphere 
waveguide)  which  is  coincident  with  the  strong  whistler  and 
weak  LEP  burst  F.  The  raw  data  show  the  17.8-kHz  signal 
intensity  using  a  300-Hz  bandwidth  filter.  Also  shown  are  the 
smoothed  curves  of  the  raw  data  (dashed  lines)  outside  of  the 
rapid  transition  interval  (i0  5s)  that  were  obtained  using  a 
2.4  s  averaging  filter.  The  amplitude  of  the  NAA  transmitter 
signal  received  at  Palmer  exhibits  a  fast  decrease  (  <  1.5  s)  fol¬ 
lowed  by  a  craw  recovery  (  —  10  s).  Such  a  signal  perturbation 
or  'Trimpi'  event  is  associated  with  lightning  induced  electron 
precipitation  which  modifies  the  ionosphere  at  the  -80  km 
reflection  altitude”1*.  Considered  in  isolation,  this  event  is  weak 
because  of  atmospheric  noise  at  (hr  NAA  frequency  However, 
it  is  similar  in  form  to  a  senes  of  stronger  events  (hat  occurred 
within  several  minutes  preceding  and  following  the  period  of 
satellite  data.  The  strong  whistler  event  F  and  associated  Trimpi 
event  recorded  at  Palmer  are  consistent  with  a  relatively  strong 
LEP  burst  occurring  near  Palmer  For  the  other  six  relatively 
weak  whistler  signals  no  Trimpi  events  were  detected  although 
strong  electron  precipitation  is  evident  m  the  SEEP  detectors 
for  events  A.  D.  E  and  G.  The  simultaneous  electron  precipita¬ 
tion  at  the  SEEP  satellite  and  near  Palmer  (Trimpi)  which  are 
separated  in  longitude  by  2,000  km.  for  event  F.  suggest  that  a 
single  lightning  flash  can  precipitate  electrons  at  two  widelv 
separated  locations. 

The  electron  precipitation  energy  fluxes  are  estimated  to  be 
about  10  - 10‘  times  the  wave  energy  flux  .it  the  equatorial  plane, 
indicating  that  only  a  little  VLF  signal  energv  is  required  to 
perturb  the  relativistic  electrons  near  the  edee  of  the  loss  cone 
enough  to  cause  precipitation'  The  energv  fluxes  reported  here 
are  consistent  with  suggestions  that  whistlers  mav  cause  a 
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Fig.  2  Expanded  view  of  lightning -induced  electron  precipitation 
(LEPi  events  F  and  G  The  repetitive  pulses  of  constant  period 
labelled  I  to  5  are  consistent  with  the  echo  period  for  electrons 
mirronne  between  conjugate  hemispheres  The  vertical  dashed  line 
indicates  the  calculated  time  of  the  lightning  flash  Panels  a  and 
b  show  the  simultaneous  whistler  spectrogram  and  the  amplitude 
of  signals  received  at  Palmer  from  NAA 


significant  loss  of  radiation  belt  electrons'  ' l,  ;o  ::  Assuming 
that  the  slot  regions  of  the  radiation  belts  are  initially  filled  after 
a  magnetic  storm  with  an  omnidirectional  flux  of  10'  electrons 
ctn';  s'1  for  E  >  100  kcV  at  L  =  2  3.  a  single  LEP  burst  (such 
as  event  Dt  can  empty  -0.001  %  of  the  belt  in  the  region  covered 
by  the  burst  magnetic  field  lines. 

The  observations  of  LEP  events  provide  direct  evidence  of 
an  important  coupling  mechanism  between  terrestrial  lightning 
and  relativistic  radiation  belt  electron  precipitation.  Further 
study  should  clarify  details  of  the  wave  -  panicle  interaction  since 
wide  ranges  of  VLF  signal  strength  and  frequencies  are  present 
The  global  mapping  of  LEP  events  can  also  provide  an  insight 
into  the  penetration  of  w  ave  energy  through  the  ionosphere  and 
its  propagation  in  the  magnetosphere.  The  role  of  LEP  events 
in  the  overall  loss  rates  of  trapped  electrons  is  uncenam,  because 
the  frequency  of  occurrence  of  these  events  and  their  relative 
importance  in  comparison,  for  example,  with  plasmaspheric 
hiss'1  is  not  well  known.  However,  a  substantial  amount  of 
electrons  can  be  removed  in  a  single  event,  and  additional 
electron  losses  can  be  expected  to  result  from  an  enhancement 
of  the  etlectiv  e  pitch  ancle  d illusion  coetlicient  bv  vv  htstlcr  vv  av  es 

The  L  ockheed  Palo  Alto  Research  Lahoratorv  portion  of  the 
SEE  P  experiment  was  sponsored  bv  the  Ollice  of  N.  iv  a  I  Research 
(contrast  N0001 4-79  C-0824)  Launch  and  orbital  support  were 


provided  by  the  Air  Force  Space  Test  Program  OITice  Much  m 
the  data  analysis  was  performed  under  the  Lockheed  Indepen¬ 
dent  Research  Program  We  thank  Dr  D  P  Cauliman  for 
program  management  of  the  satellite  payload,  the  pavload  svs- 
tem  engineer.  Mr  S.  J  Battel:  and  Dr  D  W.  Datlowe  for  help 
in  processing  the  data.  The  Stanford  University  effort  in  SEF  p 
was  supported  by  ONR  grant  NOOOI4-82-K  0489  and  bv  the 
Division  of  Polar  Program  of  the  NSF  under  grant  DPP82178rij 
for  the  Palmer. Station  VLF  program. 

Received  21  June,  accepted  )  October  1914 

1  Helli»«lt.  R  A  and  firiated  lonotphenf  Phenomena  'Stanford  Univertnv 

California  (9Ml 

2  Kennel.  C  F  A  Pencbek  ME/  fr«r*i»  fin  It.  I-2XH9MI 

J  loan.  U  S  .  Bell.  T  F  A  Holme!!,  R  A  /  grpr*n  fin.  B3.  ?2!«-  12*1  >  19'Bi 

4  Chant,  H  C.  Inan.  USA  Bell.  T  F  J  fr»»r*vi  fin  Kfi  ~r  l*  -  *QV)  1  I9M  '  • 

5  Inan  L  S  Bell.  TEA  Chant  H  C  /  ernpnii  Pet  IT  AM'  nZvi 

6  RoAenberj.  T  J  ,  H  filmed  R  A  A  kaivufrjkii  K  P  /  g rnpflu  fir t  74.8*4,.*4«2ll9'i 

7  Imhof  W  L  r<  al  Gmrh «»  fit*  Lett  10.  61?  6l8M9B»i 

8  Imbol.  W  L  n  «(  Ge^r**  *  fin  Lett  10.  ,1b  I  -  'N4  1 19*3 1 

9  Carpenter  D  L  fiadm  ,S«i  3.  "19-  '2*  i  |0*«i 

1 0  R  vcroft .  M.  )  Planet  Spare  Set  2 1 .  2  ?9. 2*  I  1 1 9*1 1 

11  He  HmeM.  R  A,  Mcndf  S  B  Doolittle  J  H.  Amutronji.  W  C.  Ca'pemer  w  L  / 

feornu  Ret  IS.  <  I9»0< 

12  Doolittle  I  H  A  (  arpenter  D  L  Geryphit  fin  Lett  Ml.  611  AH1'0*1' 

13  Hfllmell  R  A  ,  Kiiiufraln  J  P  1  Tnmpi  '1  L  i  |r" p«ivt  fin  “1.  4a ’9 - 4/xl 8  i  19' 1  ■ 

14  Carpenter  D  L  A  La  Belle  1  'A  /  fenfOit  fin  I?.  4J.‘*  44'4  f  1 9 A 2 ‘ 

15  Vom.  H  D  rr  of  If  f  f  Tran  i  *4<rf  S*a  NS  29  !  ^>4  -  i*vfl  i  1°*;' 

16  Lvont  L  R  A  Will.jmt  D  l  J  t r.tr*M  Rr i  BO.  ,0*<  V9*>4»l9'«i 

1 7  Voxt  H  D  Imhof  w  L  .  Vohil'i  )  .  Ga<ne«  f  f  1  Rriun  J  R  S‘ro< r  Rri  ■  m  the  r'e* t 

I*  Carpenter  D  L  Inan  U  S.  Tnmpi  M  L  Hfllmell  R  \  A  Katiuirant.  /  P  !  fecr»*t 

fin  B9  1 1 n  tbe  prettr 

19  Dsjntev  I  Vfc  Planet  Spore  II.  ‘91  t  (Oft  Ik 

20  Cvirn*  «it  J  M  J  genpnt  t  fin  69  I  2  *  I  •  I  2  *9  r  I  9A4  t 

21  L»on»  L  R  A  Thome  R  M  /  fenpA.t  fir «  *B.  2'*2  214**  '  1  " 1  > 

22  KfHf*  M  C  f  al  !  t e-r*n  fie'  n  me  r'esti 


A  new  radiation 

source  for  the  infrared  region 

J.  Varwood*,  T.  SbuuleworthC 
J.  B.  Hasted^  &  T.  NanbaX 

*  Dep.inm*-nt  °f  Chemistry.  University  of  Durham 
Durham  DM  I  UT  UK 

*  Department  of  Physics  Bir k beck  College.  Malet  Street. 

London  W C'  1  E  UK 

t  Depjnment  of  Phvsics.  Tohoku  University.  Sendat.  Japan 


Spectroscopy  in  the  far-infrared  and  millimetre-microwive  regions 
has  always  been  hampered  bv  the  lack  of  intense  broad-band 
sources  After  several  predictions’ suggesting  the  possibility  of 
obtaining  improved  infrared  fluxes  from  an  electron  source,  the 
f)areshur>  (SfRC)  synchrotron  storage  rine  (SRS)  has  now  been 
shown  to  produce  an  intense  and  very  bright  source  of  infrared 
photons.  1  he  infrared  port  (IR-IVU)  at  Daresbury  will  provide 
scientists  interested  in  the  microscopic  structure  and  dynamics  of 
materials  with  a  radiation  source  having  several  unique  properties. 
As  well  as  these  properties,  we  describe  here  the  work  that  has 
been  done,  since  January  1°H4.  in  characterizing  the  infrared  beam 
and  suggest  some  wide-ranging  potential  experimental  applica¬ 
tions. 

Because  the  photon  beam  ts  composed  of  electromagnets 
radiation  emitted  by  a  highly  relativistic  electron  beam  ,  the 
radiation  is  highly  collimated  in  the  forward  direction  and  o 
strongly  linearly. polarized  in  the  orbit  plane  Furthermore.  :t 
provides  a  well -defined  train  of  pulses  of  radiation*'  of  —  '00  p> 
in  width  with  a  period  of  either  3-0  ns  (for  a  single  electron 
bunch)  or  2  ns  (for  160  electron  bunches)  The  pulse  width  and 
shape  are  entirely  independent  of  frequency,  and  the  inherent 
photon  noise  level  is  expected  to  be  very  low  compared  wuh 
that  of  black-body  sources  The  beam  lifetime  is  8-  10  h  at  2  ( 
electron  energy  Although  the  SRS  is  more  intense  (in  term*  ol 
photons  emitted  per  second)  than  a  black  body  emitter  only 
the  far  infrared  region  t  below  -  50  cm  ’ ).  its  other  ad\  antacev  -  - 
especially  its  brightness  (watts  per  unit  area-solid  ancle*  anil  o* 
precise  time  structure — are  manifest  throughout  the  infrared 
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ABSTRACT 

A  high-sensitlvity  X-Ray  Imaging  Spectrometer 
(XRIS)  waa  developed  for  aeasur eaenta  of  atmospheric 
breraaatrahlung  X-rays.  The  XRIS  Instrument  flown  on  a 
3-axis  stabilized  polar  orbiting  satellite  (S81-I) 
employed  a  one-d  laenaional  pinhole  camera  to  acquire  a 
2-d laeos lonal  X-ray  Image  aa  the  satellite  passed  over 
an  auroral  scene.  Using  a  position  sensitive  gaj 
proportional  counter,  with  an  active  area  of  1200  cm 
divided  Into  sixteen  cross-track  pixels,  ^he  Instru¬ 
ment  had  a  geometric  factor  of  about  0.4  cm  -•  ter  ad  Ian 
per  pixel  (6  cm  -§r  total)  for  X-rays  of  4  to  40  keV. 
At  an  orbital  altitude  of  250  tan ,  It  provided  a 
spatial  resolution  of  30  tan  and  the  temporal  resolu¬ 
tion  waa  one-eighth  of  a  second.  Designed  primarily 
to  detect  srtlflclal  electron  precipitation  at  lower 
latitudes,  the  instrument  also  produced  the  first 
sacell  ice  X-ray  images  of  the  aurora  during  May  and 
June,  1982.  Special  features  of  the  Instrument 
Included  a  quadrupole  broom  magnet  to  reject  energetic 
electrons,  s  multilayer  piss tlc-on- tantalum  shielding 
to  suppress  the  brass trahlung  X-rays  generated  from 
electrons  which  Impact  the  Instrument  surface,  and  a 
new  technique  for  ^position  sensing  within  the  detec¬ 
tor,  using  signal  division  In  s  resistor  array. 

INTRODUCTION 

The  X-Ray  Imaging  Spec troraetet  (XRIS)  on  the 
S81-1  satellite  produced  the  first  hlgh-sensltlvity 
satellite  Images  of  the  X-ray  aurora  during  May  and 
June,  1982.  Such  Images  are  useful  in  auroral  studies 
since  they  pertain  to  higher  energies  of  the  precipi¬ 
tating  electrons  chan  do  convene  lonal  optical  Images 
(l.e.  a  few  keV  rathe,  than  «  few  eV) .  Moreover, 
those  images  readily  show  the  daytime  auroral  struc¬ 
ture  that  would  otherwise  be  difficult  to  observe  by 
optical  techniques  because  of  scattered  sunlight. 

Previous  to  the  XRIS,  the  sstelllte  imaging 
observations  of  the  x-ray  aurora  were  limited  to 
rather  high  energies  (E  i  20  keV)  using  an  eight  pixel 
x-ray  sensor  on  the  P78-1  spinning  satellite  (lj.  Two 
rocket  flights  employing  single  detector  with  a  rather 
large  geometric  factor  (2  cm  ar;  E  >  5  keV)  produced 
x-ray  Images  of  the  aurora  using  the  rocket  spin 
motion  to  scan  the  scene  (2).  Relatively  high  energy 
(E  i  20  keV)  x-ray  Images  of  the  aurora  have  also  been 
obtained  from  balloon-borne  Instrumentation  (3|. 
Although  moat  of  the  aatell lte-borne  x-ray  astronomy 
Instruments  would  be  capable  of  making  highly  sensi¬ 
tive  and  detailed  auroral  x-ray  images  those  satel¬ 
lites  are  usually  limited  to  very  low  latitudes  and 
altitudes  to  minimize  the  energetic  particle  and  x-ray 
backgrounds  (4),  and  generally  view  only  in  the  upward 
direction.  On  a  DMSP-F2  satellite  (830  km  altitude)  a 
single  x-ray  detector  has  shown  the  Importance  of 
covering  the  low  energy  auroral  z-rsys  (5j.  A  recent 
DMSP  satellite  (F6)  Included  a  single  x-ray  detector 
on  s  scan  platform  to  produce  a  raster-scao  x-ray 
auroral  Image  (6|.  The  DMSP  Images  complement  the 
S8i-i  images  since  XJttS  la  at  a  lower  altitude^  had 
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higher  tmporal  and  spatial  resolution,  and  also  had 
substantially  higher  sensitivity.  * 

The  high  sensitivity  jpf  XRIS  (6  ca  sr)  was 
accomplished  with  a  1200  eta  area  position  sensitive 
proportional  counter  at  the  Image  plane  of  a  plnhoLe 
camera  collimator.  Techniques  were  employed  for 
reducing  interfering  radiation:  passive  shielding,  a 
unique  broom  magnet,  and  active  an t lc o 1 nc id enc e 
rejection.  The  XRIS  instrument  weighed  35.5  kg  and 
required  12  watts  of  power.  The  purpose  here  Is  to 
describe  the  XRIS  instrument  design,  including  the 
rationale  behind  its  configuration. 

The  XRIS  Instrument  was  part  of  the  Stimulated 
Emissions  of  Energetic  Particle  (SEEP)  experiment. 
The  principal  objective  of  SEEP  was  to  detect  the 
artificial  precipitation  of  magnetospher  lc  electrons 
by  ground-based  radio  transmitters.  In  addition  to 
XRIS,  the  SEEP  payload  on  the  S81-1  satellite  included 
a  hlgh-sensltlvity  cooled  solid  state  particle 
spectrometer  array  (7),  a  plasma  probe  and  an  optical 
photometer.  The  need  for  hlgh-sensltivlty  in  both  the 
x-ray  and  particle  instruments  Rtermied  from  the  rather 
weak  predicted  fluxes  of  energetic  particles  and 
breasstrahlung  x-raya  at  mid-latitudes.  To  date  no 
x-rays  have  been  found  which  correlated  with  the 
transm  itter- Indue ed  artificial  precipitation. 
However,  direct  electron  measurements  by  SEEP  have 
clearly  deaonstrated  the  correlation  between  transmit¬ 
ter  modulation  and  electron  precipitation  (81.  The 
XRIS  has  been  valuable  In  measuring  auroral  X-rays, 
even  though  It  was  not  optimized  ‘or  that  purpose. 

DESCRIPTION 

Ics  truaent 

The  XRIS  Instrument  enploved  a  pinhole  camera 
which  formed  a  one-d  laens lonal  crosstrack  Image  as  the 
satellite  moved  over  the  auroral  scene.  Its  total 

Q  0 

field  of  view  was  about  90  by  7  ,  facing  forward  and 
tipped  downward  at  an  angle  of  35  below  tne  local 
horizon.  Its  long  dimension  was  perpend  icui  ar  to  the 
direction  of  satellite  motion.  It  Thus  vlelded  a 
strip  Image  of  the  upcoming  X-rays  about  500  km  wide 
at  a  distance  200  km  ahead  of  the  spacecraft  (assuming 
m  source  altitude  of  QQ  tan).  The  angle  of  view  was 
chosen  both  to  increase  the  scene  width  and  to  provide 
a  time  separation  betwepn  the  actual  X-ray  Image  and 
the  false  signals  of  energetic  particles  striking  the 
Instrument.  The  primary  XRIS  Instrument  character¬ 
istics  are  shown  In  Table  1. 

Figure  1  shows  a  photograph  of  the  XRIS  Instru¬ 
ment.  The  pinhole  entrance  aperture  was  In  the  form 
of  a  silt,  2  cm  by  15  cm,  flanked  bv  a  quadrupole 
broom  msgnet  to  reject  Interfering  energetic  elec¬ 
trons.  Behind  the  entrance  aperture  an  1  broom  magnets 
was  a  collimator  cone,  with  two  sets  of  parallel 
plates  to  defined  the  narrow  acceptance  angle  for  the 
instrument.  Behind  the  cone  was  a  X**non  filial 

pressure  vessel  containing  the  pr n r t 1 o nal  counter. 
On  one  side  a  gas  fill  valve  and  a  getter 
were  located.  Most  of  the  instrumental  electronics, 
were  contained  in  a  separate  bo*  behi'vl  the  Instru¬ 
ment,  except  for  the  high-voltage  power  supply  and  the 
pulse  preamplifiers. 
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TABl£  l 


XRtS  Characteristics 


Detector:  2 

'  "Xc  tive  Area  (cm  ) 

Anode  Wire  Size  (ma) 
Cathode  Wire  Size  (mm) 
Wire  Type 
Wire  Spacing  (ora) 


Proportional  Counter 
1200 
0.025 
0. 100 

Cold  Plated  Tungsten 
6.35 


Energy  Range  (keV)  4-40 

Angular  Resolution  7  x  7  ,  (E<10  keV) 

7°  *  14d.  (E>20  keV) 
Spatial  Resolution  (km)  30  x  60 

temporal  Resolution  (sec)  0.125 

Sensitivity  factor  3.4 

(<$>t,  cm  «r  ) 


A  section  view  of  the  instrument,  in  a  plane 
parallel  to  the  internal  collimator  plates  ar*d  hence 
perpendicular  to  the  long  dimension  of  the  entrance 
alit,  is  shavn  In  Figure  2.  The  scene  is  divided  into 
aixteen  pixels,  left  to  right,  by  electronically 
segmenting  the  proportional  counter.  In  the  space 
enviorment  a  vacuum  extends  through  the  entrance  6lit 
all  the  way  back  to  a  beryllium  window,  which  is 
supported  against  the  gas  pressure  of  the  detector  by 
the  collimator  assembly.  The  collimator,  made  of 
aluminum,  provided  the  7  aarrow  field  of  view  for 
X-ray  photon  energies  below  about  10  keV.  A  second 
collimator,  made  of  tantalum  and  mounted  in  front  of 
the  aluminum  collimator,  similarly  defined  a  14  field 
of  view  at  higher  photon  energies,  where  greater 
sensitivity  is  needed. 


Image  Acquisition 

The  pulses  from  each  of  the  aixteen  detector 
segments,  which  indicated  the  arrival  of  an  individual 
X-ray  photons,  were  sorted  into  eight  amplitude 
levels,  to  measure  the  photon  energy,  and  accumulated 
In  a  16  x  8  memory.  The  128  photon  tallies  were 
transferred  to  the  telemetry  systes  eight  times  a 
second,  for  onboard  recording  and  subsequent  relay  to 
the  grourxi.  The  eighth-secorxi  temporal  resolution 
that  this  provided  corresponds  to  only  about  one 
kilometer  of  orbital  motion  and  hence  to  a  small 
fraction  of  the  projected  pixel  size  on  the  ground. 
Therefore,  the  taoporal  resolution  did  not  signif¬ 
icantly  compromise  the  spatial  resolution.  Auroral 
pulsations  yielded  a  prominent  striping  of  the  images 
whenever  such  toporal  modulation  was  present.  The 
pulses  from  the  two  center  pixels  were  also  pulse- 
height  analyzed  Into  24  levels  and  transferred  to  the 
telosetry  sixteen  times  a  second  to  provide  Improved 
energy  and  time  resolution  at  the  center  of  the  scene. 


Detec  tor 

As  shown  in  Figure  2,  the  proportional  counter 
consists  of  five  electrode  planes,  each  one  consisting 
of  thin  parallel  tungsten  wires  aligned  perpendicular 
to  the  plane  of  the  figure.  The  detector  segmentation 
consisted  of  isolating  the  [Raise  signals  from  differ¬ 
ent  vires,  by  a  new  technique  described  below.  The 
Purpose  of  the  multiple  electrode  planes  was  to 
provide  two  separate  detection  layers,  in  order  to 
distinguish  the  signal  of  an  X-ray  photon,  which 
originates  In  one  of  the  layers,  from  that  of  an 
ionizing  particle  (e.g.  a  cosmic  rav)  which  would  be 
detected  In  both  layers.  The  dual  proportional 
Counter  serves  as  both  the  primary  and  an t ico  inc  id enc e 
detectors:  using  the  front  and  rear  layers,  respect¬ 

ably.  A  cathode  bias,  of  a  few  hundred  volts  with 
tespert  to  the  -hanber  walls,  was  provided  to  create  a 
*rift  potential  region  that  extended  the  effective 
^*crctlon  laver  forward  to  the  beryllium  window,  and 
*^*t  of  the  anti  laver  to  the  rear  of  the  chamber. 


:  I ? 

The  active  g  is  for  the  prorortfon.il  counter  jas 
Xenon  methane,  the  methane  quenching  gas  was 

chosen  because  a  selective  getter  was  found  t  ST  1  7  1 
SAF.S)  which  would  removp  other  Impurities.  The  gas 
pressure  Inside  the  chamber  (18  PST)  was  slightly 
above  atmospheric  pressure  simply  to  keep  a  positive 
pressure  on  the  beryllium  window  during  all  of  the 
pre-launch  operations. 

The  electrode  frames  (not  shown)  were  made  from 
selected  fiberglass  epoxy  prlnted-clrcult  board,  of 
tlK>se  specific  oanuf  acturer'  s  lots  which  proved  to  be 
least  prone  to  outgasslng.  Along  the  sides  of  the 
electrode  frames,  and  opposing  the  stress  of  the 
tungsten  wires,  were  carbon-epoxy  thermal  compensating 
segments  to  allow  for  the  significantly  different 
thermal  expansion  coefficients  of  the  tungsten  wires 
and  the  fiberglass.  The  entire  frame  structure  was 
mounted  from  the  rear  of  the  chamber  on  floating 
standoffs  so  the  frames  could  expand  and  contract 
Independently. 

The  gold-coated  tungsten  wires  (25  u  for  the 
anodes,  and  100  u for  the  cathodes)  were  first  wracp*d 
on  a  threaded  frame,  anchored  to  the  fiberglass  frsme 
with  epoxy,  and  then  soldered  to  prlnted-circult  pads. 
Although  this  mounting  scheme  proved  satisfactory,  and 
avoided  the  need  for  installing  each  of  the  wires 
independently,  it  was  hard  to  achieve  uniform  tension. 
In  particular,  It  was  necessary  to  pre-stress  the 
frames  inward  until  after  the  epoxy  had  set  and  the 
excess  wire  was  cut  away,  using  a  special  spring  jig, 
so  that  the  released  frames  would  then  bear  the  load 
of  the  stretched  wires  evenly.  The  wire  tension  In 
the  completed  frames  was  checked  by  exciting  visible 
acoustical  oscillations  with  an  audio  amplifier  ar«i 
speaker.  It  was  found  that  excessive!?  taut  wires 
could  be  stretched  by  lightly  stroking  with  a  pencil 
eraser,  whereas  a  few  of  the  slack  wires  had  to  be 
restrung  individually. 

Enclosure 

To  minimize  weight  almost  all  of  the  load-bearing 
structures  were  made  of  aluminum.  The  alternative  of 
using  structural  tantalum  to  serve  double  duty  as 
shielding  was  considered,  but  it  was  discarded  because 
of  the  added  weight  required  to  satisfy  some  of  the 
structural  demands.  The  gas  enclosure  for  XP.IS  was 
rectangular,  although  less  weight  night  have  been 
needed  with  a  cylindrical  chamber.  The  side  and  front 
wails  of  the  pressure  chamber  shown  in  Figure  2  were 
milled  from  solid  aluminum,  with  a  labyrinth  of 
pockets  to  reduce  weight.  The  back  wall  was  made  or 
honeycomb  aluminum,  permanently  ecoxlM  to  the  side 
walls.  This  and  the  front  wall  were  bolted  together, 
with  the  beryllium  window  sandwiched  in  between  and 
sealed  with  a  0-ring.  The  entire  Instrument  In  front 
of  the  beryllium  window  was  encased  in  a  tantalum 
6hieid  and  covered  with  plastic.  A  plastic  of  low 
atomic  number  was  chosen  for  its  low  X-rav  yield  for 
energetic  electrons,  and  the  tantalum  was  chosen  to 
absorb  anv  X-rays  which  were  produced.  Care  was  taken 
to  lap  each  of  the  tantalum  pieces  and  cap  ever? 
fastener  hole  with  tantalum  arvl  plastic,  so  there 
would  be  no  straight  path  Into  the  instrument  with 
less  than  2  gm/cra*’  of  shield  t  eg.  The  Mark  plastic 
coating,  which  was  lncregnited  with  carbon  and  applI-M 
as  1  avers  of  tape,  also  provided  the  thermal  control 
by  having  the  right  spectral  absorption  and  emission 
proper  ties. 

PF.S  T  dN*_CPNS  I  PFRAT I ONS 

The  choice  of  a  simple  pinhole  ,-.T-rri  was  base-1 
on  progr.xn  constraints  and  a  careful  mns  \  j  #»r  a  t  i  o  n  ef 
the  available  alternatives  for  acq-ilri’-g  an  X-riv 
Image,  In  particular,  the  ruled  iperture  te-hnique 
which  has  proven  successful  In  X-rav  astron^mv  was 
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examined  and  rejected  because  of  the  filled  auroral 
scenes  that  XRIS  would  encounter.  Moreover,  the 
choice  of  only  sixteen  pixels  was  found  to  be  optimum 
for  the  proper  matching  of  resolution  and  sensitivity. 

Cons  tralnts 

Much  of  the  XRIS  design  was  dictated  by  the 
flight  opportunity:  The  available  orbit  was  sun- 
synchronous  (10:30  ara  and  10:30  pm  local  time)  and 
nearly  circular  at  an  altitude  of  about  250  km. 
Although  this  low  altitude  gave  excellent  resolution 
art  sensitivity  to  search  for  manmade  precipitation 
without  large  background  contamination  from  the 
radiation  belts,  It  required  a  wide  field  of  view  to 
obtain  suitable  images.  The  S81-1  spacecraft  was 
3-axia  stabilized  art  oriented  with  respect  to  the 
earth.  The  fixed  orientation  gave  the  XRIS  instrument 
100X  duty  cycle  for  viewing  the  atmospheric  X-rays. 
The  weight  restriction  on  XRIS  was  critical  for  the 
design,  since  that  dictated  the  ultimate  sensitivity 
and  resolution  which  were  achieved. 

Imaging  Technique 

Only  a  few  techniques  are  available  for  X-ray 
Imaging,  since  X-rays  cannot  be  focused  by  lenses. 
These  consist  of  either  grazing- inc id enc e  reflection, 
or  those  techniques  which  depert  upon  detecting  a 
geometric  shadow,  like  the  collimator,  the  pinhole 
canera,  and  the  coded  aperture.  Grazing  incidence, 
unfortunately,  only  works  for  the  lowest  energies  of 
interest,  art  then  only  with  a  prohibitively  narrow 
field  of  view.  The  low  orbit  of  SEEP,  and  hence  the 
need  for  a  wide  field  of  view,  automatically  precluded 
its  use,  leaving  only  the  various  shadow  techniques. 

All  of  the  shadow  techniques  are  similar,  in  that 
they  rely  upon  forming  the  shadow  of  an  entrance 
aperture  upon  a  detector  placed  some  distance  away. 
With  a  collimator,  the  active  segment  of  the  detector 
is  determined  by  the  collimator  structure,  and  this 
permits  increasing  the  Instrument  sensitivity  by  using 
a  large  detector  art  many  Individual  collimator  plates 
adjacent  to  one  another  (e.g.  either  in  a  planar  or  an 
” egg  crate”  configuration).  With  a  pinhole  camera, 
the  active  segment  of  the  detector  is  defined  by  some 
ocher  means,  such  as  using  an  array  of  individual 
detectors,  or  as  with  XRIS,  using  some  type  of 
position-sensitive  detector.  In  either  case,  the 
angular  acceptance  of  the  instrument  is  determined 
strictly  by  the  geometry  of  photons  entering  through 
an  aperture  and  reaching  the  active  segment  of  the 
detector.  For  a  colinear  aperture  and  detector  of 
equal  width,  the  angular  response  is  triangular  and  it 
reaches  zero  at  twice  the  width.  For  a  rectangular 
pixel,  the  equal  response  contours  are  roughly  diamond 
shaped,  with  that  of  half-maximum  approximately  formed 
by  connecting  the  midpoints  of  the  geometric  shadow  of 
the  aperture.  Except  for  inverting  the  image,  an 
array  of  collimators,  each  pointed  in  a  slightly 
different  direction,  is  equivalent  to  a  pinhole  camera 
having  the  same  aperture  and  detector  area.  As  will 
be  discussed  below,  a  coded  aperture  uses  multiple 
pinholes  to  produce  overlapping  Images  in  the  detector 
plane,  suitable  for  a  correlation  analysis,  but  the 
angular  acceptance  la  still  determined  by  the  same 
shadow  geometry. 

A  mechanically  scanning  sensor  like  that  used  on 
DM5P  might  perhaps  have  been  simpler  for  XRIS,  since 
it  would  have  eliminated  the  need  for  a  p^;itlon- 
sensitlve  detector.  However,  6lnce  XRIS  war  to  be 
flown  on  a  stabilized  platform,  the  rotation  required 
to  scan  the  scene  would  have  to  have  been  Implemented 
artif  icially. 

The  One-Dlmenslonal  Format 

In  forming  an  image  of  a  stable  scene,  a  moving 
collimator  and  a  pinhole  camera  are  exactly 


equivalent  except  that  the  collimator  examines  one 
pixel  at  a  time  while  the  pinhole  c  Tier  a  examines  all 
of  the  pixels  s  inu  l  taneou  s  1  y .  For  the  same  tot  il 
detector  area,  they  both  yield  the  sane  number  of 
counts  in  the  same  total  time.  The  same  eorcept 
applies  to  a  conventional  two-dimensional  pinhole 
camera  and  its  one-d  lnens  ional  equivalent,  which,  1  1 V  e 
XRIS,  forms  its  image  by  sweeping  across  the  scene. 
Whereas  the  former  exxriines  all  the  scene  pixels 
simultaneously,  the  latter  examines  one  row  at  a  time. 
But  again,  for  the  same  total  detector  area,  it 
acquires  the  same  number  of  counts  for  each  pixel  in 
the  same  total  time.  The  main  polnc,  then,  of 
different  imaging  configurations,  is  how  long  they 
dwell  on  a  given  pixel,  compared  to  the  temporal 
resolution  which  is  required.  The  collimator  dwells 
the  shortest  time  on  a  given  pixel,  and  hence  It  would 
be  suitable  for  studying  only  the  most  rapid  signal 
variations,  quicker  than  250  milliseconds  for  the  XRIS 
parameters.  For  a  square  Image  of  16  x  16  pixels,  Che 
total  time  for  the  two-dimensional  equivalent  of  XRIS 
would  be  64  seconds,  and  that  would  have  permitted 
examining  temporal  variations  as  long  as  64  seconds. 
The  one-dimensional  scheue  actually  Implemented  for 
XRIS  permits  exffaining  an  intermediate  time  scale, 
between  roughly  250  msec  and  U  seconds,  and  it  was 
chosen  for  that  reason,  since  the  modulation  that  It 
was  designed  to  detect  occupied  that  range. 

The  selection  of  a  one-d  lmens  ional  camera  also 
simplified  the  instrument  design  and  data  handling. 
In  the  instrument,  it  was  sufficient  to  sense  position 
in  only  ooe  dimension,  art  that  allowed  allocating 
groups  of  anode  wires  to  a  given  pixel,  rather  than 
having  to  cross-wrap  the  wire  arrays  or  to  adopt  some 
other  technique  for  determining  where  the  photon 
arrived  along  a  given  anode  wire.  Dealing  with  only 
one-d  itnen9ional  positioning  aLso  simplified  the 
processing  electronics  and  reduced  the  raemorv  required 
to  accumulate  the  X-Ray  photon  counts.  Finally,  in 
the  data  handling,  the  one-d  Lmens  ional  configuration 
made  it  unnecessary  to  correct  for  the  satellite 
motion  during  the  observation  of  a  given  scene  pixel, 
as  it  moved  across  the  different  pixels  of  the 
detector  array. 

Coded  Aperture 

A  very  serious  competitor  for  the  imacl^g 
technique  used  on  .XRIS  was  the  coded  aperture. 
Invented  by  Hertz  and  Young  f 0 ) .  Tn  this  technique,  a 
shadow  plate  in  front  of  the  detector  Is  divided  into 
N  cells,  K  of  which  are  open  to  transmit  X-rays.  Farh 
point  of  the  source  creates  a  shadow  Lnas*  on  the 
detector,  and  many  such  point  sources  create  over¬ 
lapping  shadows  which  can  be  separated  mathematically 
by  cross-correlation  with  the  known  pattern  of  the 
shadow  plate.  Although  this  technioue  has  proven 
excellent  for  measur  trn  ente  of  a  few  polnc  sources, 
where  it  acts  somewhat  like  K  separate  pinhole 
cameras,  the  advantage  dLmlnlshes  rapidly  for  a  scene 
like  the  aurora,  which  have  distributed  sources.  The 
reason  for  the  degradation  of  the  reconstructed  Lmaee 
is  that  each  point  of  the  source  contributes  noise  for 
every  point.  For  only  a  few  point  sources,  the  noise 
1 6  at  a  tolerable  level,  being  roughly  the  square  root 
of  the  peak  signal  in  every  other  pixel  (assuming  an 
optimum  shadow  pattern).  However,  when  the  number  of 
filled  pixels  in  the  scene  be^'-nrs  comp  ir  able  to  the 
square  root  of  the  total  count  (rm  ^oe  pixel,  the 
noise  fmn  all  the  other  pixels  will  become  comparable 
to  the  signal  of  the  one  pixel.  In  other  words,  the 
presence  of  many  filled  pixels  will  destroy  the 
signal-fo- noise  ratio  for  all  the  others.  This 
problem  would  have  been  serious  for  XRI^,  whl-h  was  so 
close  to  the  scene  that  one  auroral  arc  vnuH  some¬ 
times  fill  all  the  pixels.  Although  the  ccici 
aperture  technique  is  not  much  worse  than  a  pinhole 
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camera  (within  a  factor  of  two).  It  would  have 
Involved  massive  calculations  and  high  counting  rates 
to  reconstruct  each  image.  Therefore,  the  coded  aper¬ 
ture,  despite  Its  popularity  In  ocher  applications, 
was  discarded  as  a  viable  technique  for  XRIS. 


Resolution  and  Sensitivity 

A  fundaaencal  factor  In  the  design  of  apace  X-ray 
Instruments  is  the  tradeoff  between  the  sensitivity 
and  the  spatial  or  temporal  resolution.  A  quite 
obvious,  but  sometimes  overlooked  factor  la  that  the 
count  rate  of  s  photon  detector  Increases  as  the 
fourth  power  of  the  spatial  resolution,  since  It  Is 
proportional  to  the  product  of  the  collecting  area  and 
the  solid  angle,  and  both  of  those  are  proportional  to 
the  square  of  the  spatial  resolution.  This  applies 
equally  to  a  collimator,  a  pinhole  camera,  ard  the 
■ore-complex  coded  aperture.  As  a  result,  it  Is 
necessary  to  choose  the  spatial  resolution  for  the 
weakest  flux  which  has  to  be  measured.  Adding  the 
counts  from  adjacent  pixels  to  detect  weaker  signals 
does  not  achieve  the  same  goal,  since  that  yields  only 
half  the  sensitivity  which  would  have  been  possible, 
each  time  the  effective  spatial  resolution  Is  doubled. 

The  criterion  for  selecting  the  spatial  reso¬ 
lution  of  XRIS  was  the  s  Ignal-to-no  lse  ration  (SNR) 
which  could  be  achieved  In  a  count-rate  limited 
observation.  That  ratio,  considering  only  the 
statistical  fluctuations,  equals  the  square  root  of 
the  number  photons  counted  In  the  measurement.  It  can 
be  shown,  for  a  pinhole  camera  with  n  square  pixels 
and  a  total  detector  area  A,  that  the  SNR  for  a  single 
pixel  should  be 
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wher ^  i>  is  the  photon  flux  (in  units  of  cm"2  sr~l 


tec  )  ,  t  is  the  observing  period,  d  Is  the  spatial 
resolution,  and  D  is  the  distance  from  the  scene  to 
the  Instrument.  For  XR15,  the  total  scene  width  (U  * 
nd)  was  limited  by  its  low  orbital  altitude,  and  this 
dictated  using  the  largest  practical  transverse  field 
of  view.  That,  in  turn,  was  dictated  by  the  oblique 
arrival  of  photons  at  the  edge  pixels  of  the  planar 
photon  detector  (see  Figure  2),  and  It  was  chosen  to 
be  90 3 .  This  gave  W  »  2D  and,  for  a  SNR  of  2,  which 
was  considered  the  threshold  for  a  useful  measurement: 


A  C  1> 


(2) 


using  equation  (1).  Thus,  under  these  circumstances, 
the  maximum  number  of  pixels  was  determined  bv  the 
product  of  the  flux  density,  the  total  detector  area, 
and  the  observing  period.  Moreover,  because  of  the 
cube  In  equation  (2),  it  Increases  rather  slowlv  with 
that  product.  From  the  allocated  ^elght  for  XRIS,  it 
was  determined  that  A  »  1200  cm  was  the  largest 

practical  detector  area.  Thus,  for  detecting  marinade 


precipitation  with  a  modulation  period  of.0.5  sec  and 

an  C\ _  I  n  ^  ~  2  - 


an  expected  flux  density  of  10  cm  1  sr 


the 


■axlmum  number  of  pixels  was  eighteen,  and  the 
corresponding  spatial  resolution  (for  W  -  500  km)  was 
•bo^c  30  ^km .  Ijor  the  strongest  aurora,  with  ^  -  in 
'*'*  sec  above  4  keV,  the  spatial  resolution 


for  the  same  observing  period  might  have  been  much 
better,  with  almost  200  pixels  across  the  scene. 


Eiuatlon  (2)  Ind^cates^  that  the  product  ft  for 
TRIS  was  about  3  cm  sr  .  This  means  that  XRIS 

cou|d  measure  (with  SNR  -  2)  a  flux  3  p 

■r  sec  in  one  second,,  or  3  cm  --  - 
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t*n  second,  or  3,000  cu  sr  sec  ‘  In  one  mill  1  - 
•  econd.  This  quantity  was  found  a  bit  more  useful 
th^n  the  per-plxel  geometric  factor  (which  equals 
Ad  / n0‘)  In  typifying  an  Imager,  since  It  tells 
Earned  lately  how  long  it  takes  to  make  a  measurement. 


It  Is  worth  noting  that  XRIS  Is  not  at  all  1  v 

designed  for  the  aurora.  In  spite  of  It  being  opti¬ 
mized  for  a  different  purpose.  Although  XK I  mlzet 
have  had  a  somewhat  better  spatial  resolution,  that 


would  have  subs  t  ^nt  l  a  1^1  y  Increased  the  ft  proi  tr  t 
(e.g.  to  3,000  cm  L  sr  for  d  -  3  km)  and  that  *eauld 


have  substantially  Increased  the  time  it  takes  to 
measure  a  given  fLux.  This  Is  particularly  serious 
for  measur  enents  of  the  X-ray  energy  spectrum,  which 
falls  off  rapidly  with  Increasing  enr^gv.  ?  Fop 
instance.  In  a  moderate  aurora,  with  f  -  10'  cm  sr 
sec  (above  U  keV)  ,  the^  flux^  density  above  20  keV 
might  be  as  low  as  30  cm  sr  sec  ,  and  a  reliable 
measurement  of  the  spectrum  at  such  energies  te^uld 
have  thus  required  almost  two  minutes  at  the  higher 
resolution,  rather  than  the  tenth  of  a  second  that 
XRIS  actually  required.  This,  in  fact,  would  hjve 
prevented  the  measurement  of  spectra  In  all  but  the 
most  intense  auroral  arcs,  since  XRIS  passed  over  such 
features  In  a  few  seconds.  XRIS  constituted  a  unique 
opportunity  of  measuring  the  energy  spectrum  of 
relatively  weak  aurora,  and  similarly,  of  detecting 
X-ray  aurora  which  would  have  otherwise  been  miS6ed  by 
an  Instrument  with  finer  resolution. 


Detec  tor 


The  choice  of  a  propo  r  t  lonal  counter,  over  the 
more  advanced  solid  state  devices  to  detect  X-ravs, 
was  based  primarily  on  cost  cons  id  er  a  t  Ions .  The 
proportional  counter  has  potential  problems  Including: 
breakage  of  the  fine  wire  electrodes  during  launch, 
contamination  or  leakage  of  the  active  gas,  electrode 
poisoning,  and  high  voltage  breakdown. 

As  is  well  known,  the  proportional  counter 
detects  each  energetic  electron  which  Is  ejected  wh»n 
an  X-ray  photon  Is  absorbed,  by  drawing  the  secondary 
electrons  It  produces  (at  roughly  25  eV  per  secondary 
toward  a  thin  wire  anode  where  the  electric  field  Is 
strong  enough  to  produce  a  cascade  [10J.  The  charge 
of  that  cascade,  collected  on  the  anode.  Is  released 
when  the  resulting  cascade  Ions  subsequent  1 v  migrate 
coward  the  cathode,  arxj  that  produces  a  current  poise 
in  the  external  circuit  between  the  anode  a~j  C3thooe, 
which  Is  proportional  to  the  initial  p^v*:**!  electron 
energy.  A  heavv  monatomic  gas  like  Xer'on  is  needed, 
for  its  large  X-rav  cross  section  and  for  its  lark  ef 
d  lsassoc lat Ion  or  vibration  as  an  alternative  to 
electron  ejection.  Excepting  the  radioactive  krvptnn 
and  Radon,  thpre  was  little  latitude  In  ceasing  tKe 
active  gas  for  XRTS,  since  the  next  best  candidate  was 
Argon,  with  cross  sections  at  the  pertinent  X-rav 
energies  about  an  order  of  magnitude  smaller.  This 
yielded  out  pit  pulses  (controlled  bv  the  Xf'n  Ian 
mobility)  which  were  slower  than  desired  and  chat 
estabiishel  the  maximum  counting  rac°  for  the 
Ins  trument . 


Position  Readout 


A  new  tec hn line  was  Invented  for  XRIS,  to  solve 
the  problen  of  electronically  segment  In?  the  propor¬ 
tional  counter.  A  variety  of  other  possthil itlrs 
might  have  been  used  for  this  purpose.  all  with 
certain  advantages  and  disadvantages.  The  simplest 
uses  led  1  vidua  l  /roolifiers  for  e  a«*  h  irofe,  and  an 
array  of  logic  circuits  to  encode  uhl*h  inpilfier 
received  the  pulse.  Pf'bablv  the  o  os  r  1  iff  1  ’lit  t  "* 
Implement  would  have  been  that  nf  us  leg  reslst.ve 
anode  wires  and  aeasurlrg  the  position  al-'^g  the  anode 
bv  the  different  rise  tines  of  the  pulses  at  Its 
opposite  ends;  the  difficulty  being  a  need  to  \enr«. 
with  thin  carbon-filament  anodes  and  a  nerd  for 
circuits  with  verv  precise  timing.  Perhaps  tKe 
best-developed  scheme  is  one  In  w  h  1  -  h  the  a  r.  d  e 
(and/or  cathode)  pulses  are  court*-!  to  a  deluv  tine 
Inside  the  r  hnber  ,  an  1  there  k'V  become  en*  '  1  *«d  bv  tke 
delav  of  t  lie  pulses  C'"*mlcg  nut  the  pods  of  that  detav 
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line.  Its  only  d  isadvanini:  r  for  t  f»«  xkIJT  w.i-.  t  f*e  nr»«d 
for  placing  the  delay  lines  in*.  Jilr  llip  <  li. ruber  ,  where 
they  would  become  potential  source*  ol  gu*  con tare 
inants . 

Instead  of  encoding  with  the  pulae  delay  or  rise 
time,  as  in  the  delay  line  and  resistive  wire  tech¬ 
niques,  the  encoding  in  the  XRIS  was  accomplished  by 
dividing  the  total  pulse  current  into  two  signals  with 
a  resistor  array  like  that  shown  schematically  in 
Figure  3.  Each  of  the  anodes  was  thus  connected  to 
two  low-impedance  rails  inside  the  chamber  (A  and  B)  , 
by  a  pair  of  resistors  (Rj  and  R  )  ,  each  having 
different  values  for  each  of  the  anodes.  The  resi¬ 
stance  ratio  then  determined  how  the  pulse  currents 
were  divided  (into  I.  and  I.)  between  the  two  rails. 
The  two  signals  were  then  added  and  subtracted  outside 
the  chamber,  after  being  anplified  and  stretched  by 
the  preamplifiers.  It  is  then  possible  to  retrieve 
both  the  pulse  amplitude  (I  -  A  +  B)  and  a  signal  (A  ■ 
A  -  B)  from  which  the  pulse  position  can  be  deter¬ 
mined,  according  to  the  relation: 

A  .  R  -  R 

T 

This  calculation  was  performed  with  logarithmic 
amplifiers,  and  the  resistor  values  were  adjusted 
(according  to  equation  3)  so  that  the  result  would  be 
proportional  to  the  anode  position.  In  other  words, 
the  two  signals  A  and  B  brought  out  of  the  propor¬ 
tional  counter  indicated  the  pulse  amplitude  by  their 
sure  and  the  poslcion  by  their  ratio. 

Resistors  were  easy  to  install  and  did  not  outgas 
like  the  wrapped*  delay  lines.  The  analysis  elec¬ 
tronics  turned  out  to  be  somewhat  simpler  than  the 
fast-pulse  timing  that  the  delay  lines  required.  A 
practical  limitation  of  the  scheme  is  imposed  by  the 
shunt  resistance  of  all  the  resistor  pairs,  compared 
to  the  dynamic  input  impedance  of  the  preamplifiers, 
since  that  tends  to  short  together  the  A  and  B 
signals.  Although  a  careful  choice  of  resistors  can 
always  compensate  for  this  effect,  a  practical 
constraint  on  the  precision  and  matching  of  the 
preamplifiers  is  imposed  when  the  number  of  anodes 
becomes  large.  In  XRIS,  however,  where  only  sixteen 
pixels  were  involved,  no  difficulty  was  encountered, 
even  using  off-the-shelf  integrated  circuit  preamps, 
and  stock  IZ  resistors. 

Broom  Magnet 

In  order  to  protect  against  energetic  electrons 
coming  through  the  pinhole  aperture,  a  broom  magnet 
was  installed  on  XRIS  to  sweep  those  electrons  aside. 

A  new  magnet  was  designed  for  this  purpose,  having  the 
distant  field  of  a  quadrupole  in  order  to  minimize 
interference  with  the  host  vehicle  aixi  the  other  SEEP 
instruments,  as  well  aa  also  having  a  means  to  tailor 
the  local  field  for  maximum  effectiveness.  The 
magnetic  material,  Instead  of  being  at  the  pole  faces, 
was  placed  at  the  top,  bottom  and  sides  of  the 
aperture  in  Figure  1,  with  all  four  elenents  in 
opposing  directions.  The  pole  faces,  then,  were  made 
of  soft  magnetic  material  to  direct  the  flux  lines  in 
opposite  directions  across  the  top  ard  bottom  halves 
of  the  pinhole  slit.  The  electrons  at  both  halves  of 
the  pinhole  are  thus  both  deflected  toward  the  center 
of  the  instrument  and  behind  an  aluminum  brace  which 
serves  a iaul  taneousl y  to  cover  the  null  point  of  the 
magnetic  field  and  to  hold  the  magnets  In  place. 
Behind  this  brace  is  an  electron  trap  made  of  plastic 
coated  tantalum,  which  consisted  of  progressively 
smaller  plates  mounted  on  a  central  spine,  with  each 
one  shadowing  the  detector  from  the  electron  Impact 
area  left  uncovered  by  its  predecessor. 


Shit,  id  i i 'Ja 

Fot  shield  In?  against  extraneous  electrons,  a 
mass  of  dense  material  Is  required,  having  the  highest 
possible  atomic  number,  since  that  gives  higher  X-ray 
absorption  cross  sections.  Excluding  radioactive 
materials  like  uranium  and  expensive  materials  like 
gold  and  platinum,  lead  and  tantalum  are  best  choices, 
with  the  latter  being  structurally  superior.  The 
shielding  of  XRIS  was  of  tantalum,  with  about  2  gm/cm 
of  material  in  all  directions.  This  mass  thickness 
for  the  shielding  was  decided  upon  by  equating  the 
background  expected  from  electrons  through  the  pinhole 
to  that  for  the  same  electrons  striking  the  external 
surfaces,  using  our  best  estimate  for  the  spectrum  of 
precipitating  magnetospher ic  electrons.  With  this 
criterion,  the  instrument  dimensions  were  scaled  to 
match  the  imposed  weight  restrictions.  The  result  was 
an  instrument  with  about  one  third  of  it6  weight 
devoted  to  shielding.  The  shielding  thickness  derived 
from  this  exercise  W3s  sufficient  for  a  1/e  attenua¬ 
tion  at  all  photon  energies  below  £00  keV,  and  an 
attenuation  factor  of  better  than  10  below  about  15 
keV.  For  such  a  large  shielding  factor  at  the  lower 
energies,  It  was  essential  to  plug  even  tiny  gaps  In 
the  shielding. 

The  shielding  is  most  effective,  of  course*  for 
lower  X-ray  energies,  and  this  dictated  using  a 
material  on  the  surface,  outside  the  tantalum,  with  a 
low  atomic  number,  since  that  reduces  the  yield  at 
high  energies.  A  specl&l  plastic  was  chosen,  with  no 
heavy  constituents,  and  applied  over  the  tantalum  In 
layers,  to  a  thickness  of  about  one  millimeter. 

Window 

Considerable  effort  was  devoted  to  finding  a 
better  window  material  before  it  was  concluded  that 
only  beryllium  would  be  sufficiently  leak  tight  and 
transparent  to  X-rays  for  a  closed-gas  svsten.  The 
next  best  candidate,  incidentally,  was  cross-grain 
multilayer  plastic,  of  the  sort  used  for  potato  chip 
packaging.  The  window  was  made  thicker  than  It  might 
have  been,  according  to  the  stress  calculations,  and 
Its  0.76  m  thickness  established  the  4  keV  low  energy 
threshold  of  XRIS. 

PERFORMANCE 

Aiter  about  one  month  of  operation,  the  useful 
life  of  XRIS  was  terminated  by  an  electronic  failure 
leaving  an  Instrument  which  could  only  measure  a 
peculiar  combination  of  lateral  position  and  X-ray 
energy.  However,  during  its  month  of  life,  XRIS 
produced  some  three  thousand  excellent  X-rav  images  of 
five  minutes  duration  (each  covering  about  2400  x  500 
km),  totaling  about  250  hours  of  useful  observations. 
With  its  great  sensitivity,  XRIS  detected  auroral 
X-ray6  on  virtually  all  of  its  auroral  zone  crossings, 
four  times  every  orbit.  It  has  already  revealed 
multiple  arcs,  pulsations,  the  poleward  expansion  of 
the  aurora  during  mag ne tos pher ic  substorms,  and 
isolated  polar  spikes  of  X-rays,  which  turned  out  to 
be  quite  localized  spots  rather  than  arcs.  It  has 
also  provided  valuable  information  on  the  Earth's 
Albedo  for  X-rays  between  4  and  40  keV,  during  a  dozen 
or  so  dayside  passes  during  Intense  solar  X-ray 
f  1  ar  ea  . 

The  auroral  observations  of  XRIS  will  be  reported 
separately  and  only  one  example  (Figure  4)  will  be 
presented  here.  To  form  such  Images,  all  the  energy 
channels  for  each  pixel  were  summed  arxi  plotted  as  a 
vertical  line  with  a  varying  color  value  or  shading, 
using  a  color  R;mtek  display  unit.  Adjacent  lines  in 
these  Images  correspond  to  adjacent  eighth  second 
meaaur ment s .  Because  of  the  low  altitude.  It  was  not 
necessary  to  correct  for  earth  curvature,  s 1  nr e  It 
Introduces  at  most  a  20  km  distortion  at  the  edge  of 
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ttie  «cene.  The  spatial  displacement  of  the  measure¬ 
ment  (about  200  k m  in  front  of  the  satellite)  la  often 
significant,  but  it  has  not  been  applied  to  this 
figure. 

The  darkest  shading  Figure  3_ correspond s  to  a 
flux  density  of  about  10J  cm  er  sec  ,  varying 
down  to  about  10  or  less.  In  order  to  compensate  for 
the  slant  transmission  of  the  beryllium  window  and  the 
otherwise  varying  efficiencies  of  the  different 
pixels*  it  was  necessary  to  apply  an  empirical 
correction  separately  for  each  pixel*  This  was 
jccoopliahed  by  starting  with  the  theoretical  slant 
transmission  of  the  window  and  adjusting  the  indivi¬ 
dual  correction  factors  until  the  most  uniform  Images 
were  obtained  under  a  variety  of  circumstances. 
Although  this  produces  the  most  pleasing  images,  the 
correction  is  energy  dependent,  and  this  can  introduce 
perceptable  distortions,  depending  on  the  X-ray 
Spectrum.  This  correction,  also  being  applied  to  the 
background  signals,  produces  a  center-peaked  enhance¬ 
ment  for  the  interferring  signals  and  that  has  proven 
useful  in  distinguishing  than  from  real  X-ray  pat¬ 
terns. 

Figure  4  shows  a  multiple-arc  aurora  in  the 
southern  heaisphere  with  respect  to  the  geographic  and 
magnetic  south  poles  shown  respectively  by  the  small 
cross  aod  circle.  It  shows  an  Increase  of  about  30:1 
between  dawn  and  midnight,  and  a  width  of  about  100 
ka.  This  aurora  pertains  to  moderately  quiet  times 
and  It  is  typical  of  those  seen  by  XRIS,  except  for  it 
being  one  of  the  rare  cases  when  the  satellite  track 
followed  the  auroral  form  for  a  very  long  time.  In 
■ost  of  the  data  the  orbit  cuts  more  obliquely  across 
the  polar  cap  and  yields  only  two  brief  intercepts  of 
the  aurora. 

SUMMARY 


Other  aspects  of  the  design,  which  were  less 
unique  but  no  less  important  to  its  success,  Included 
the  need  for  gas  purity  (which  was  accomplished  with  a 
selective  getter),  the  choice  of  window  material,  arvi 
the  design  of  shielding.  The  last  consisted  of 
tantalum  coated  with  a  special  plastic  providing  both 
a  low  X-ray  yield  from  energetic  electrons  and  the 
correct  absorption  and  radiation  properties  for 
thermal  control. 

The  Instrument  functioned  for  over  one  month, 
without  measurable  degradation,  before  an  electronic 
failure  caused  a  loss  of  position  information.  XRIS 
produced  several  thousand  auroral  Images  of  unique 
sensitivity  and  temporal  resolution. 
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ABSTRACT 

The  ground  support  computer  equipment  (GSE)  and 
production  survey  plot  and  analysis  software  are 
described  for  the  Stimulated  Emissions  of  Energetic 
Particles  (SEEP)  experiment  on  the  S81-1  satellite.  A 
general  purpose  satellite  data  acquisition  circuit  was 
developed  based  on  a  Z-80  portable  microcomputer.  By 
simply  changing  instrument  control  software  and 
electrical  connectors,  automatic  testing  and  control 
of  the  various  SEEP  instruments  was  accomplished,  A 
new  feature  incorporated  into  the  SEEP  data  analysis 
phase  was  the  development  of  a  correlative  data  base 
for  ail  of  the  SEEP  instruments.  A  CPU  efficient 
survey  plot  program  (with  ephemeris)  was  developed  to 
display  the  approximate  3100  hours  of  data,  with  a 
time  resolution  of  0.5  sec,  from  the  ten  Instrument 
sensors.  The  details  of  the  general  purpose  multi- 
graph  algorithms  and  plot  formats  are  presented.  For 
the  first  time  new  associations  are  being  investigated 
of  simultaneous  particle.  X-ray,  optical  and  plasma 
density  satellite  measurements. 

INTRODUCTION 

From  May  to  December  1982  ,  the  Stimulated 
Emissions  of  Energetic  Particles  (SEEP)  payload  was 
operated  on  board  the  S81-1  satellite.  The  primary 
objective  of  the  SEEP  payload  was  to  measure  the 
effects  of  VLF  transmitter  induced  precipitation  of 
energetic  particles  [!)•  With  recent  computer 
processing  and  technology  advances  many  new  and  cost 
effective  techniques  were  available  for  use  in  the 
SEEP  program.  In  particular,  the  pre-launch  Ground 
Support  computer  Equipment  (GSE)  and  the  in-orbit 
Production  Survey  (PS)  data  analyis  software,  are 
described  here.  The  SEEP  payload  consisted  of  an 
array  of  energetic  particle  spectrometers  (F.  >  2  keV)  , 
an  airglow  photometer,  a  Langmuir  probe,  and  an 
imaging  X-ray  spectrometer  (XRIS). 

biring  the  pre-launch  phases  a  portable  micro¬ 
computer  (Heath  H-89)  was  used  as  the  ground  support 
computer.  Interface  circuitry  was  designed  to  allow 
automatic  testing  and  control  of  the  various  SEEP 
instruments  (excluding  the  X-ray  spectrometer)  by 
simply  changing  computer  software  and  an  electrical 
connec  tor . 

In  the  SEEP  data  analysis  phase  a  correlative 
data  base  was  developed  for  all  of  the  Instruments. 
This  allowed  new  associations  to  be  investigated 
between  the  unique  instrumentation  on  SEEP.  Some  of 
the  significant  results  of  the  correlative  data  base, 
to  date,  have  Included  the  association  of  plasma  waves 
(Travelling  Ionospheric  Disturbance)  with  the  effi¬ 
cient  |>r<  i  l|il  l.il  Din  .it  energetic  cl n  Irons  by  VI.  K 
tr .msm 1 1 1 er s  (2,  3|,  the  first  one-to-one  correlation 
of  1  lghtn  Ing- indue  ed  electron  precipitation  events  (4| 
and  the  first  coord  inat ed  X-ray,  airglow  and  energetic 
particle  intMSur  unvnts  of  numerous  auroral  features. 
Examples  and  computer  algorithms  of  the  general 
purpose  raultigraph  plots  are  presented. 


PORTABLE  COMPUTER  GSE 

The  ground  support  computer  equipment  consisted 
of  a  portable  8-bit  microcomputer  system  (Heath  H-89 
purchased  In  1979)  that  was  supplemented  with  the 
Satellite  Acquisition  and  Command  (SAC)  interface.  A 
system  diagram  of  the  portable  GSE  is  illustrated  In 
Figure  1.  Specialized  software  was  written  for  each 
instrument  to  control  the  general  purpose  and  program¬ 
mable  SAC  Interface. 

Hardware 

The  general  purpose  H-89  portable  computer  was 
configured  with  64k  of  dynamic  RAM,  an  80  X  24 

character  CRT,  two  100  Kbyte  5  1/4"  floppy  disk 

drives,  and  a  three  port  serial  1/0  board.  All 

components  including  the  SAC  Interface  were  enclosed 
in  the  H-89  cabinet  (Figure  2).  The  portability  of 
the  general  purpose  GSE  system  allowed  for  ease  of 
movement  to  various  testing  sites.  The  fact  that  full 
documentation  and  schematics  came  with  the  micro¬ 
computer  was  a  major  advantage  in  the  design  of  the 

custom  SAC  interface. 

The  GSE  allowed  for  both  real-time  displays  and 
data  storage  on  floppy  disk.  Display  devices  included 
a  CRT,  a  dot-matrix  printer,  an  osc 11 l iscope ,  and  a 
chart  recorder.  Off-the-shelf  communications  software 
converted  the  H-89  to  an  intelligent  terminal  so  that 
stored  data  could  be  transfered  either  by  direct 
serial  line  (9600  Baud)  or  MODEM  (1200  Baud)  to  a  VAX 
780  computer. 

The  SAC  interface  system  block  diagr.im  Is  shown 
in  Figure  3.  It  consisted  of  one  15  x  22  cm  win- 
wrapped  plug-in  board.  Although  the  SAC  interface 
board  plugged  into  the  master  board  within  the  H-89, 
several  major  signals  were  additionally  jumpered 
directly  from  the  Z-80  8-blt  processor,  as  needed ,  tor 
efficient  SAC  operation.  The  multi-purpose  SAC  I/O 
board  included  the  following  features: 

.  24  parallel  output  lines 

.  16  parall el  input  1  ines 

.  24-bit  serial  input  port 
.  4  ea  8-bit  DACs 

.  2  ea  12-bit  DACs 

.  1  ea  8- input  analog  data  acquisition  system  (  MN 
7100) 

Since  r  he  SEEP  Instruments  and  portable  GSE 
operated  on  5  volts  the  low  power  SAC  board  ( CMOS  and 
l.S  circuits)  was  powered  by  the  H-89.  Multiple  K-btt 
transparent  latches  (4  SOB)  provided  parallel  on  t  pu  t 
directly  otf  of  the  Z-Hn  primary  data  bus.  Multiple 
8-blt  trl-atute  latches  (l.S  1/M  were  used  t.»r 
strobing  instrument  data  input  onto  the  bus.  |>otel 
8-blt  (DAC-OKDP)  and  Heckman  12-hlt  (872)  DACs  were 
used  for  analog  output  while  a  hvhi  I  1  analog  data 
acquisition  syston  (  MN  7 1  <  >0  >  provided  8  analog  input 
signals  to  a  2  usee  sampl  e- and  -  ho  1  d  ,m,|  H  L  l  t  Mm;.  \ 
pair  of  l-ot-16  line  decoders  (ISIV,  )  piovid.-d  op  t 
\h  writ*?  and  16  read  Internal  cunttol  sit, dies  m<  la¬ 
ding  last  strobes  tor  external  use.  Ha-  J..  1,|  (nd 
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Figure  1. 


Schematic  of  CSE  system  with  interface  to 
VAX  780  computer 


thus  the  entire  I/O  board  was  accessed  directly  by  I/O 
addressing  of  the  Z-80  microprocessor  below  port  120. 
Recently,  most  of  the  components  Included  on  the  SAC 
Interface  have  been  Integrated  onto  a  single  microchip 
gate  array,  including  analog  and  digital  functions. 


Five  independent  instrument  systems  on  the 
payload  were  tested,  one  at  a  time  by  changing 
software  and  replacing  a  patch  cable  (a  SO  pin  IOC 
connector  on  one  end  that  was  crosswlred  to  an 
Instrument  specific  D  type  connector).  The  instru¬ 
ment's  unique  patch  connector  was  required  because  of 
the  nonstandard  telemetry  and  command  signals. 


Software  and  Display  Formats 


The  software  for  the  H-89  control  of  the  SAC 
Interface  was  written  in  Microsoft  BASIC  and  assembly 
code.  Languages  other  than  BASIC  would  have  been 
better  suited  technically  (l.e.  C,  Turbo  Pascal, 
Forth),  however,  BASIC  availability,  familiarity  at 
the  time,  simplicity  and  adequacy  for  doing  the  Job 
made  It  a  logical  choice.  Z-80  machine  language 
modules  were  called  from  BASIC  In  cases  where  speed 
and  efficiency  were  essential  (such  as  serial  clocking 
of  telemetry  and  I/O  transfers).  Various  display 
formats  were  readily  programmed  for  output  to  one  of 
the  display  devices.  For  exaeple,  a  pulse-height 
spectrum  could  be  routed  to  either  the  video  screen  or 
line  printer.  Furthermore,  the  DAC  output  feature 
allowed  the  use  of  an  oscilloscope  or  chart  recorder 
for  PHA  spectrum  displays.  This  was  accomplished  by  a 
simple  machine  code  program  that  transferred  a  block 
of  data  from  RAM  to  the  DAC  repetitively.  Spectra 
could  be  displayed  in  real  time  with  the  desired 
»-qrmm  j  _ 


Figure  2.  Photograph  of  the  SEEP  experiment  GSF. 

testing  the  energetic  electron  particle 
spectrometer  array 


regions  expanded  as  needed  by  simply  changing  the 
oscilloscope  scale  (Figure  4). 


PCM  Interface 


The  SAC  interface  also  allowed  for  a  quick  look 
at  all  of  the  SEEP  Instruments  during  payload  level 
testing.  The  CSE  was  hooked  up  directly  to  pulse-code 
modulation  (PCM)  decoramu  tat  ion  equipment  during  system 
checkout.  The  SEEP  payload  had  a  12K  bit  telemetry 
rate.  However,  play-back  from  analog  magnetic  tapes 
could  be  at  other  speeds.  The  H-89  was  programmed  In 
assembly  code  to  sync  up  to  the  frame  counter  in  the 
data  strean  and  strip  off  any  data  pertinent  to 
specific  instruments.  The  data  were  then  displayed  In 
various  formats.  A  typical  screen  of  demultiplexed 
analog  and  bilevel  PCM  data  for  all  of  the  SEF.P 
Instruments  is  displayed  in  Figure  5. 


SEEP  PRODUCTION  SURVEY  PLOTS 


Following  the  successful  developaent  and  cali¬ 
bration  of  the  SEEP  Instruments,  the  SRI-1  satellite 
was  launched  into  a  low  altitude  polar  orbit.  The 
payload  provided  high  quality  data  during  the  lifetime 
of  the  mission. 


Approximately  3100  hours  of  data  were  acquired  hv 
the  on-board  tape  recorders  and  downlinked  to  earth 
stations.  The  SEEP  data  were  provided  in  the  form  of 
PCM  analog  tapes.  Decommu tat  ion  on  a  VAX  ISO  computer 
of  all  the  SEEP  data  resulted  in  2100  digital  tapes 
(1600  bpi).  Following  decommutat  ion  a  digital  survev 
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Figure  4.  SAC  oscilloscope  display  of  An-241  spectra 


tape  was  made.  The  survey  tape  Included  tine  aver¬ 
aging  and  key  data  selection  of  the  SEEP  satellite  32K 
bit  data  stream.  Ephemeris  and  magnetic  field  data 
were  also  Included.  The  data  compression  produced  370 
survey  tapes.  Each  record  on  the  survey  tape  con¬ 
tained  a  header  (ephemeris  and  bookkeeping  Inform¬ 
ation),  eight  seconds  worth  of  scaler  Information  for 
all  instruments,  and  pulse-height  information  for  all 
applicable  instruments  over  eight  seconds.  The 
software  to  process  the  survey  tape  data  was  written 
in  Fortran  77  with  assonbly  language  (Macro)  utility 
modules  for  I/O  processing.  Figure  6  Illustrates  the 
various  plot  formats  which  could  be  generated  by  the 
production  survey  analysis  software. 


Figure  5.  Photograph  of  the  PCM  analogs  and  bllevels 
during  payload  testing  taken  from  CRT 
screen. 

SEEP  Survey  Plot  Program 

The  production  survey  analysis  software  algorithm 
Is  given  in  Figure  7.  The  plotting  modules  were 
written  on  a  VAX  780  computer  using  a  device  and 
machine  independent  plot  package,  DI3000,  from 
Precision  Visuals,  Inc.  D13000  allowed  the  use  of 
several  different  graphic  devices  Including  a  Versatec 
pr inter/ plotter ,  AED  color  terminal,  Tektronics  4025 
terminal,  and  a  VT  100  Petrographies  terminal.  These 
were  utilized  by  simply  changing  the  device  number 
called  In  the  code.  This  freedom  was  useful  In  the 
software  d ev el ofxuen t  stage  and  for  special  processing. 
Each  survey  tape  was  processed  on  a  VAX  780  computer 
with  a  Versatec  plotter  ( V - 8  0 F )  to  produce  the 
Production  Survey  (PS)  plots.  The  software  stripped 
off  the  pertinent  Instrument  parameters  and  stored 
than  In  a  three  dimensional  array.  The  array  dimen¬ 
sions  were  34  by  60  by  16,  where  34  was  the  number  of 
sensor  par  .meters  plotted,  60  the  number  of  tape 
records  per  plot  page,  and  16  was  the  number  of  sensor 
par.sneter  points  per  record.  The  order  of  accessing 
the  array  was  important  for  efficient  processing. 
Sixty  records,  therefore,  gave  960  points  per  page 
which  was  commensurate  with  the  resolution  of  the 
plotter  (200  points  per  Inch  or  1900  points  per  page). 
Originally  the  number  was  choosen  to  be  compatible 
with  a  Versatec  model  1100  which  had  a  resolution  of 


100  points  per  inch.  The  higher  resolution  Versatec 
plotter  allowed  for  better  readablity  while  still 
utilizing  the  plotter's  capablity.  By  simply  making 
changes  in  the  software  input  parameter  file  or  by 
calling  different  plotting  routines  the  production 
data  analysis  program  would  produce  several  different 
formats  (i.e.  Figure  6).  Only  approximately  70 
manhours  were  necessary  to  produce  the  production  plot 
software  using  Fortran  on  a  VAX  780  computer. 

Placing  all  of  the  key  instrument  parameters  on  a 
single  plot  with  the  same  time  scale  allows  one  to 
acquire  a  correlative  data  set  of  particle,  X-ray, 
plasma,  and  alrglow  measurements.  Advantages  gained 
from  this  Include  the  speed  of  surveying,  finding 
cause-and-ef f ec t  interrelationships,  and  developing  a 
low  cost  production  archive.  Because  plasma  Inter¬ 
actions  in  the  magnetosphere  and  ionosphere  affect  the 
atmosphere  it  is  difficult  to  piece  together  Interela- 
tionships  unless  both  in  situ  and  remote  sensors  are 
capable  of  simultaneously  measuring  multiple  geo¬ 
physical  parameters  in  the  near  earth-space  environ¬ 
ment.  Each  satellite  mission  adds  pieces  but  many 
times,  because  of  Incomplete  satellite  instrumentation 
or  the  difficulty  of  many  investigators  to  comprehen¬ 
sively  Intercompare  their  instrument  data,  valuable 
information  Is  lost.  In  the  SEEP  mission  the  Instru¬ 
ment  scientists  were  fortunately  located  In  the  same 
laboratory  and  were  able  to  resolve  this  basic 
probl em . 

Survey  Multigraph  Plots 

The  multigraph  production  survey  format  of  Figure 
8  was  chosen  for  quick  look  plots.  This  standard  plot 
format  consisted  of  ten  graphs  for  displaying  each  of 
the  ten  SEEP  sensors.  The  various  energy  thresholds 
for  the  particle  and  X-ray  spectrometers,  wavelengths 
for  the  airglow  photometer,  and  current  for  the  plasma 
probe  were  plotted  within  the  designated  „  aph.  By 
changing  an  Input  file  the  sensor  gra  i  positions 
could  be  readily  changed  or  replaced  or  certain  sensor 
channels  could  be  designated  for  smoothing  (l.e.  low 
count  rate  channels). 

Besides  plotting  instrument  data,  ephemeris 
information  was  included:  Time  ( UT)  ,  Latitude  •  LAT)  , 
Longitude  (LONG),  L  shell  (l.SH),  Al  t  i  lude/Con  )ugat  e 
Altitude  (ALTC),  and  the  calculated  pitch  angle  for 
detectors  pointing  at  0  ,  10  ,  50  and  90  from  zenith 
(1059).  Status  and  bookkeeping  Information  were 
listed  on  the  bottom  of  the  plot.  Time  ticks  were 
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Figure  6.  Five  black  and  white  plot  formats  were  used 
tor  the  SKF.P  experiment  survey. 


vertical  scales  were  logarithmic  with  each  tic  mark 
Indicating  a  decade. 

The  graphs  in  Figure  8  start  with  1  at  the  top 
and  10  at  the  bottom.  Craph  l  shows  the  four  airglow 
photometer  (AP)  channel  Intensities.  The  SEEP 
photometer  measured  enisslon  lines  at  610.0  nra  and 
191.4  ran.  There  were  two  fllrer  bandwidth*  of  191.4  m 
(0.8  r n  and  2.4  nra)  and  also  a  background  channel. 
The  data  of  Figure  8  were  at  a  relatively  quiet  time 
period  except  for  a  few  scattered  spikes  which  in  this 
case  were  associated  with  weak  lightning  flashes.  The 
raeasuranent  of  optical  lightning  flashes  and  energetic 
electron  precipitation  had  not  been  observed  until  it 
was  correlated  by  use  of  these  plots  (4).  Graph  2 
shows  the  Langmuir  probe  (APP)  current.  The  200  km 
long  plasma  oscillations  observed  near  8611  seconds 
are  Identified  a9  a  Travelling  lonosherlc  Disturbance 
(TID).  Also  observed  with  the  current  probe  were 
transient  drop  outs  with  slow  recovery  times  (~  3  sec) 
in  the  vicinity  of  thunderstorms.  These  were  Iden¬ 
tified  with  an  electric  field  induced  current  asso¬ 
ciated  with  the  lightning  discharge.  The  relation¬ 
ships  between  TIDs,  plasma  Irregularities,  eLectrlc 
field  spikes,  and  particle  precipitation  were  some  of 
the  most  intriguing  finds,  to  date,  based  on  the 
survey  plots. 

The  X-ray  imaging  spectrometer  (XS)  count  rates 
were  placed  in  Graph  3.  For  the  period  under  consid¬ 
eration  In  Figure  8  the  X-ray  flux  was  below  threshold 
for  latitudes  less  than  46  .  In  the  auroral  zone 
encountered  at  latitudes  greater  than  46  ,  both  weak 
br ansstrahlung  X-rays  and  particle  background  contami¬ 
nation  were  observed.  Br emsstr ahl ung  X-ray  detection 
Is  Important  as  a  remote  sensing  technique  of  energe¬ 
tic  electron  precipitation  and  is  helpful  in  deter¬ 
mining  energy  disposition  into  the  ionosphere. 
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Elgure  7.  Algorltlm  of  SEEP  survey  plot  software 

placed  every  frane  (8  seconds)  while  ephemerls 
Information  was  plotted  every  32  seconds.  All  of  the 


Figure  8. 


i 


Figure  9.  Sample  of  X-ray  Imager  survey  ploi  which  shows  multiple  arcs  In  the  auroral  region.  The  XRIS 
high  voltage  was  oft  after  G*:19  \K. 


Graphs  4-9  contain  the  array  of  energetic 
particle  spectrometers;  LE  Is  for  low  energy  par¬ 
ticles,  TE  for  trapped  energetic  particles,  and  ME  for 
medium  energy  particles.  These  are  at  fixed  angles  on 
the  3-axis  stabl  lzed  satellite  as  indicated.  The  TE 
spectrometer  has  four  Integral  energy  thresholds 
plotted  in  Graph  6  with  the  highest  energy  (E  >  300 
keV)  smoothed.  The  threshold  plots  on  Graph  4-9  are 
unique  because  they  are  integral  counts  and  thus  do 
not  cross  one  another.  In  Graph  10  various  non¬ 
standard  sensor  thresholds  are  normally  plotted. 

In  the  boxed  region  A  the  first  direct  observa¬ 
tions  of  particle  preclpltalon  caused  by  a  VLF 
transmitter  [1]  are  displayed.  The  Navy  transmitter 
at  Cutler,  Maine  (NAA)  was  modulated  with  a  5  second 
period  in  a  predetermined  pattern  during  this  overpass 
of  the  SEEP  satellite.  In  box  B,  the  natural  oscil¬ 
lations  In  the  measured  particle  population  (called 
Pc  2  precipitation)  are  observed.  As  can  be  seen,  the 
amount  of  information  and  fine  structure  observed  In 
4  BO  seconds  In  Figure  8  Is  considerable.  The  ab  il  1  r  y 
to  quickly  survey  such  Interrelated  events  for 
reoccuring  phenomena  Is  of  fundamental  importance. 

All  of  the  370  digital  survey  tapes  were  run 
through  the  production  survey  plot  program,  creating  a 
<»nplete  data  base  tor  the  3100  hours  of  the  SKhP 
mission.  This  resulted  In  44  notebook  binders  whl«  h 
contained  hardcopy  Versatec  survey  plots,  each  8  1/2  « 
II  Inches.  Because  of  the  complexity  of  the  data 
acquisition  and  limited  temporary  storage  capability, 
the  data  were  not  chronologically  ordered.  To 
o  j  <t.-  ome  this  a  list  c mi t  i in  t  ng  the  t  (m»*  i  \  t  #■ «  t  ■  • 
lift  i  overage  along  with  the  i  n  r  r  es  pond  1  ng  t  »f*«- 
v  i  s  g  ener  a  f  ed  . 


X-Ray  Image  Survey  Plot 

The  flexibility  in  the  software  (Figure  6) 
allowed  for  the  easy  changing  of  formats  without 
extensive  new  coding.  To  study  the  X-ray  imager  data 
all  pertinent  tapes  (i.e.  “  1  month  period  of  X-ray 

Imaging  data)  were  processed  by  a  slightly  different 
version  of  PS  software.  Some  particle  spec t roaet er 
information  was  replaced  by  the  16  Individual  position 
channels  of  the  XRIS  while  the  remaining  information 
was  rearranged  by  simply  changing  the  Input  file 
parameters  (Figure  9).  The  resulting  effect  Is  a 
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3-d  laenalonal  perspective  plot.  In  the  auroral 
feature  displayed  multiple  structure  la  present.  This 
format  Is  very  useful  to  Investigations  of  auroral 
features,  such  as  arcs  and  patches,  that  are  found  at 
high  latitudes.  The  comparison  of  the  X-ray  linage 
with  the  associated  particle  information  Is  a  very 
Important  new  feature.  The  ephemerls  information  was 
altered  by  replacing  pitch  angle  with  the  Magnetic 
Local  Time  (MLT). 


A  third  format  of  the  production  survey  plot 
program  Is  shown  in  Figure  10.  The  equatorial  ion 
precipitation  rone  (5|  is  depicted  in  terms  of  an 
energy-time  contour  plot  near  the  dip  equator 
(10:04:01  UT) .  Energy  channels  0-64  on  the  y-axls 
represent  the  TE  particle  spectrometer  while  channels 
65-120  represent  the  ME  particle  spectrometer. 


To  locate  where  data  were  acquired  another  plot 
option  was  lmploaented.  It  included  program  modules 
that  called  a  modified  version  of  the  NCAR  Supmap 
subroutine.  Figure  11  shows  the  SEEP  payload  ground 
trace  superimposed  on  a  cylindrical  equidistant  earth 
projection.  The  enclosed  shapes  on  this  plot  repre¬ 
sent  transformed  circles  around  selected  coordinates. 
The  associated  equation  for  the  circle  In  cylindrical 
equidistant  coordinates  was  arrived  at  by  finding  the 
Intersection  of  a  plane  with  a  circle  and  solving  the 
resulting  second  order  equation.  These  circles 
represent  the  regions  on  the  earth  where  the  SEEP 
payload  was  commanded  to  record  data.  The  orbit  trace 
was  acquired  from  the  header  records  on  the  survey 
tape.  Another  variation  of  this  progrma  allowed  data 
to  be  plotted  along  the  orbit.  Figure  12  Illustrates 
an  expanded  view  over  North  America  of  AP  data  that 
were  acquired  along  the  orbit  path.  The  wideband 
391.4  n»  alrglow  photometer  emission  line  la  displayed 
during  the  14  July  19B2  magnetic  storm  and  Indicates 
the  strong  energetic  particle  precipitation  at  mid  and 
low  latitudes.  Other  map  projections  could  be  readily 
called  (l.e.  orthographic,  Lambert,  stereographic, 
etc .) . 


Special  Formats 


Besides  the  four  standard  formats,  special 
formats  were  also  developed.  Color  plot  formats  were 
designed  showing  energy  versus  time  with  color 


F  tgure 


SFFP  orbital  trnrks  are  plotted  on  a 
cylindrical  equidistant  projection  of  he 
ear  th . 
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Figure  12.  Expanded  plot  of  SEEP  payload  orbital 
tracks  with  391,4  nm  photometer  data 
plotted  along  the  path.  The  transition  at 
43  occurs  at  the  terminator . 

indicating  the  Intensity  (spectrograms).  An  X-ray 
Image  format  was  developed  to  show  the  aurora  super¬ 
imposed  on  a  polar  map  [6]. 

SUMMARY 

With  modern  advances  in  technology  and  computer 
design,  space  instrument  testing  was  greatly  simpli¬ 
fied  with  improved  performance.  The  general  purpose 
SAC  interface  could  be  adapted  to  many  other  control 
applications.  The  compactness  of  this  system  allows 
for  flexibilty  and  portability.  Recently,  a  completed 
SAC  interface  board,  combining  analog  and  digital  1/0 
was  developed  on  a  single  chip  microcircuit  for  both 
flight  and  ground  based  applications.  The  production 
survey  plot  software  design  for  the  SEEP  instruments 
also  allowed  for  flexibility.  The  cost  of  the 
software  development  (”  70  manhours)  produced  a 

comprehensive  correlative  data  base.  The  development 
of  a  correlative  data  base  covering  the  entire  six 
month  SEEP  mission  provided  a  basis  for  many  new  and 
correlated  observat ions . 
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ABSTRACT 


Data  arc  presented  on  the  zones  of  energetic  particle  precipitation  at  middle  and  low 
latitudes  observed  during  arvl  after  magnetic  n torn,  injection  events.  Satellite  measurements 

of  the  equatorial  zone  ion  flux  (~  10™  -  10  cm^  s  sr  for  E  >  45  keV  at  24U  km)  are 

consistent  with  the  development  of  a  tenporary  low  altitude  ior\.  radiatlotj  bejt  at^  the 

magnetic  equator.  In  the  midlatitude  ion  zone  the  flux  (~  10  -  10  Ions  cm  9  sr  for 

E  >  45  keV  at  220  km)  is  directly  related  to  magnetic  activity  while  the  midlatitude  elec¬ 
tron  zone  flux  has  a  delayed  respense  (~  4  days). 


INTRODUCTION 


Paucity  of  data  has  so  far  prevented  the  accurate  and  comprehensive  global  mapping  of 
precipitating  energetic  electrons  and  ions  at  middle  and  low  latitudes  (Li  3).  However,  It 
la  known  that  the  particle  Intensities  during  and  Immediately  following  magnetic  storms  are 
sufficient  to  cause  primary  nighttime  ionization  and  significantly  modify  radiowave  propaga¬ 
tion  in  the  earth's  ionospheric  waveguide  / 1 / .  Additionally,  these  precipitating  particles 
provide  an  important  boundary  condition  for  modeling  the  decay  rates  associated  with  the 
earth's  ring  current  and  radiation  belt. 


Previously  Voss  and  Smith  / 1  /  have  made  an  effort  to  resolve  the  many  seemingly  contra¬ 
dictory  low  and  midlatitude  electron  and  ion  flux  measurements  U9lng  available  data  from 
rocket,  satellite  and  ground  based  experiments.  Based  on  this  preliminary  study  various 
global  zones  of  precipitating  energetic  particles  were  identified:  the  midlatitude  electron 
zone,  the  midlatitude  Ion  tone,  the  low  latitude  tone  and  the  equatorial  zone.  The  review 
article  contains  an  extensive  list  of  references  to  subauroral  particle  precipitation.  Here 
we  present  some  new  satellite  results  on  the  spatial  and  temporal  characteristics  of  the 
midlatitude  Ion  and  electron  zones  (2  <  L  <  3)  and  the  equatorial  zone  (+  20  geomagnetic 
latitude)  • 


INSTRUMENTATION 


From  May  to  Decenber  1982,  the  Stimulated  Emission  of  Energetic  Particles  (SEEP)  payload  on 
the  S81-1  satellite  made  high  sensitivity  measurements  of  precipitating  energetic  electron 
and  ion  fluxes.  The  S81-1  satellite  was  a  low  altitude  (lower  F-Reglon),  three  axis  stabi¬ 
lized  vehicle  in  a  polar  orbit.  The  payload  instrumentation  included  a  fine  energy  reso¬ 
lution  (!  keV  FWHM)  and  high  sensitivity  cooled  solid  state  spectrometer  array,  a  16  pixel 
wide  x-ray  Imaging  proportional  counter,  a  quadrant  photometer  and  a  plasma  density  probe. 
The  Trapped  Energy  (TE)  spectrometer  (+20  field  o£  view)  was  aligned  perpendicular  to  the 
orbit  plane  and  had  a  geometrical  factor  of  0.17  cm  sr.  It  was  sensitive  to  both  electrons 


and  ions.  The  medium  energy  (ME)  precipitating  electron  spectrometer  (  +  30  ^leld  of  view) 
was  aligned  to  the  zenith  direction  and  had  a  geometrical  factor  of  2.4  ern  sr.  A  thick 


window  on  ME  prevented  ions  with  E  <  550  keV  from  Impinging  on  the  solid  state  sensor. 


RESULTS  AND  DISCUSSION 


In  Figure  1  a  latitude  profile  Is  shown  of  the  TE  particle  spectrometer  flux  for  00:06  - 
00:18  and  03:11  -  03:19  UT  on  15  July  1982.  Two  second  averages  are  plotted.  The  time 
periods  were  selected  because  they  occurred  well  Into  the  recovery  phase  of  the  strong 
magnetic  storm  (D  ^  I  -325')  of  t3  July  1982  and  a  coordinated  rocket  launch  was  made  with  a 
University  of  Illinois,  Nlke-Orlon  rocket  31015,  near  L  -  2.5.  To  present  fluxes  over  the 
full  latltute  range  it  was  necessary  to  use  data  acquired  on  two  different  satellite  passes. 
The  overlap  at  low  latitudes  Is  shown  and  Illustrates  the  temporal  and  spatial  stability  of 
the  equatorial  zone  on  opposite  sides  of  the  South  Atlantic  anomaly.  The  conjugate  alti¬ 
tudes  of  locations  in  the  geomagnetic  north  are  significantly  lower  in  the  south;  therefore, 
the  observed  particles  in  the  north  are  precipitating  In  the  bounce  loss  cone. 
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electron  generated  bremsst rahlung  x-ray  luminosity  (E  >  4  keV).  The  observed  burst  of 

electrons  shown  In  Figure  I  has  the  detailed  characteristics  of  lightning-induced  electron 
precipitation  (LEP)  events  / 1 1  /  and  represents  electrons  that  are  removed  from  the  slot 
region  of  the  radiation  belt. 

The  temporal  variation  of  energetic  particle  precipitation  (E  >  45  keV)  in  the  raidlatitude 
zone  at  L  -  2.3  is  shown  in  Figure  3.  These  data  were  obtained  over  a  100  day  period  in 

1982  with  the  SEEP  TE  and  ME  detectors  in  the  north  for  longitudes  between  260°  and  320  E. 

A  median  value  of  flux  was  calculated  for  a  5  second  interval  centered  at  L  =  2.3.  The 

magnetic  activity  index,  D  ,  is  also  shown  in  the  lower  panel  for  comparison  with  the 

particle  data.  The  four  major  magnetic  storms  are  marked  with  vertical  lines  and  the 
smaller  magnetic  storms  with  upward  pointing  arrows.  The  TE  detector  is  sensitive  to  both 
electrons  and  ions  while  the  ME  detector  responds  principally  to  electrons.  A  strong 
correlation  is  evident  between  D  and  the  measured  flux  incident  on  the  TE  detector  during 
the  times  of  magnetic  storms  as  Indicated  by  the  downward  pointing  arrows.  This  midlatitude 
flux  frequently  observed  during  storratirae  conditions  is  consistent  with  midlatitude  ener¬ 
getic  ion  precipitation  as  shown  in  Figure  1.  The  energy  flux  a±  200  km  was  previously 
foynd  / 1 0/  to  vary  with  magnetic  activity  as  given  by  E^  -  2  x  10  exp  (0.48  I)  ergs  cm 
s  where  I  -  Kp  +  In  D  and  D  +  0.  During  periods  when  major  magnetic  storms  were 
not  occuring,  the  responses  of  the  various  detectors  indicate  that  the  midlatitude  flux  is 
primarily  electrons. 


The  electron  precipitation 
observed  with  the  ME  detector  is 
not  directly  correlated  with 
magnetic  activity  except  for  the 
case  of  the  large  magnetic  storm 
of  13  July  1982  where  auroral 
fluxes  (i.e.  EAB)  penetrate  down 
to  L  -  2.3  (Figure  2).  In 
general,  the  precipitating 
energetic  electron  flux  at  L  -  2.3 
Indicates  a  rather  slow  buildup  in 
electron  intensity  following  a 
major  storm;  of  the  order  of  four 
days  for  the  well-defined  magnetic 
storms  commencing  on  days  195  and 
249.  After  the  electron  flux 
reaches  its  delayed  maximum  it  is 
observed  to  decay  back  to  prestorm 
levels  on  the  order  of  15  days. 
This  slowly  decaying  component  of 
electron  flux  is  also  evident  on 
the  TE  detector;  however,  it  is 
somewhat  masked  by  the  presence  of 
the  stormtime  ion  flux  indicated 
by  downward  arrows  in  Figure  3. 

Major  magnetic  storms  are  known  to 
inject  electrons  which  diffuse 
into  the  slot  region  (2  <  L  <  3) 
of  the  radiation  belt  several  days 
after  the  storm  onset  /12-I4/. 
Because  of  the  delayed  response  of 
midlatitude  electron  precipitation 
(as  shown  in  Figure  3)  the  past 
magnetic  activity  dominates  over 
the  current  magnetic  activity  for 
predicting  electron  precipitation 
at  L  »  2.3.  The  20  day  long 
response  function  of  the  ele  t rons 
has  no  doubt  contributed  signifi¬ 
cantly  to  the  discrepancies  in  the 
correlation  of  flux  associated 
with  the  precipitation  of  midlati¬ 
tude  electrons  with  magnetic 
indices  /14/.  An  example  of  the 
latitude  and  energy  variation  in 
the  midlatitude  electron  rone  is 
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shown  in  Figure  4  for  17  August  19R?  when  the  average 


electron  flux  is  relatively  high  following  a  moderate  magnetic  storm.  This  pass  was  selec¬ 
ted  because  it  includes  the  strongest  observed  case,  to  date,  of  manmade  precipitation  of 
energetic  elertrons  bv  the  controlled  injection  of  ground  based  signals  from  a  VI. F 
transmitter  ( NAA  at  17.8  kHz)  / 1 5/ .  The  manmade  precipitation  is  predominantly  at  lower 
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Equatorial  Zone 

The  prominent  equatorial  zone  Is  observed  between  geomagnetic  latitudes  of  +  20°and  is 
stable  and  repeatable  in  form  during  each  equatorial  pass.  The  particles  of  the  equatorial 
zone  are  identified  as  energetic  helium  and/or  hydrogen  ions  based  on:  I)  the  ion  trans¬ 
mission  characteristics  of  different  thicknesses  of  gold  and  aluminum  surface  deposits  on 
the  solid  state  detectors  /2,5/,  2)  the  angular  distribution  of  the  particles  over  a 
constant  pitch  angle  near  90  degrees  due  to  an  east-west  effect  (2 {  and  3)  previous  studies 
/ 1  —  7 /  •  The  charge  exchange  lifetime  of  energetic  hydrogen  and  helium  ions  in  the  equatorial 
ionosphere  is  short  and  therefore  the  low  latitude  ion  radiation  belt  is  short  lived  /  3  /  - 
This  is  consistent  with  the  conspicuous  double  maximum  in  flux  observed  in  the  equatorial 
zone  as  shown  in  Figure  1  (i.e.  maxima  displaced  +  10°  in  latitude  about  the  geomagnetic 
equator).  At  the  observed  equatorial  flux  minimum*  between  the  peaks*  the  S81-1  satellite 
is  at  the  magnetic  equator  and  beneath  the  temporary  ion  belt. 

The  temporal  variation  of  ions  in  the  equatorial  zone  for  13-14  July  1982  is  shown  in  the 
top  panel  of  Figure  2.  In  the  center  panel  the  L  shell  variation  of  the  plasma  trough 
location  and  the  equatorward  auroral  boundary  (EAB)  location  are  shown  and  indicate  the 
relative  compression  of  the  magnetosphere  and  the  displacement  of  the  auroral  zone  to  middle 
latitudes.  The  EAB  is  similar  to  the  optical  auroral  Q  index  and  represents  the  equatorward 
edge  of  the  auroral  zone  as  indicated  by  strong  particle  precipitation.  The  magnetic 
indices  Kp  and  0  are  shown  in  the  lower  panel.  Near  01:00  hours  UT  on  14  July  1982  the 
storm  reaches  a  maximum  (D  *  -325  )  and  the  equatorial  zone  ion  flux  is  observed  to 
simultaneously  increase  by  a  factor  of  aboutj  SOO^ove^  pre-storm  levels.  The  energetic 
equatorial  ions,  however,  remain  high  (“  10  cm  s  )  after  the  storm  and  confirm  the 
development  of  a  low  latitude  (L  -  1.14)  ion  radiation  belt  during  the  storm  main  phase  that 
decays  relatively  slowly  in  time  producing  equatorial  zone  ionization  / 1  — 6 / .  The  similarity 
of  the  day  and  night  intensity  and  slow  temporal  variation  of  energetic  particles  in  the 
equatorial  zone  Indicate  the  global  extent  of  ion  precipitation. 


Figure  1.  Low  altitude  satellite  Figure  2.  Variation  of  equatorial  zone  Ion 

observations  of  precipitating  energetic  precipitation  during  the  magnetic  storm  of 

electrons  and  ions  In  the  rnldlatitude  13-14  July  1982  .  The  location  of  the  plasma 

and  equatorial  zones.  trough  and  equatorward  auroral  boundary  (EAR) 

are  also  shown . 

Mid  latitude  Zone 

Also  evident  In  the  data  of  Figure  1  is  the  presence  of  strong  particle  precipitation  In  the 
midlatitude  zone.  The  dominant  particles,  in  this  case,  are  Identified  as  quasitrapped  ions 
that  are  occasionally  supplemented  by  an  Intense  burst  of  energetic  electrons.  The  ion  flux 
is  observed  to  Increase  monotonlca 1 1 v  with  Increasing  latitude  and  Is  suggestive  of  a  radial 
diffusion  mechanism,  which  is  stable  (temporally  and  spatially),  that  transports  ring 
current  Ions  to  lower  I.  shells.  The  Intensities,  energy  spectra  and  qvias  1 1  rapped  angular 
distribution  are  consistent  with  previous  studies  of  the  rnldlatitude  Ion  zone  (1,  R-|n>. 
Evidence  for  ion  prer 1  pi t a t 1  on  during  the  main  phase  and  early  recovery  phase  was  also 
obtained  from  the  remote  sensors  on  SF.F.P  which  show  significant  391.4  nm  emission  and  no 
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Figure  4 .  Energy  spectrogram  of  the 
raidlatltude  electron  zone. 
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energies  (~  20  keV  at  L  2.3)  relative  to  the  much  higher  characteristic  energies 

associated  with  the  midlatitude  electron  zone  (“  E  in  keV) .  The  midlatitude  electron  zone 
is  a  persistent  feature  in  the  L  region  between  2  and  3  after  magnetic  storms  and 

intensifies  in  the  drift  loss  cone  near  the  region  of  lowest  magnetic  field.  The  features 
of  the  electron  zone  at  this  time  include  the  hard  spectra,  the  flux  maximum,  the  zone  width 
(“  10  latitude),  and  the  soft  low  energy  flux  poleward  of  the  zone  peak.  The  high  energy 
electrons  present  in  the  midlatitude  zone  suggest  that  low  frequency  waves  (<  6  kHz)  and/or 
off  equatorial  interactions  play  an  important  role  in  scattering  radiation  belt  electrons 
into  the  drift  loss  cone  / 1 1 /  . 
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LOCALIZED  ELECTRON 
PRECIPITATION  EVENTS  AT  HIGH 
LATITUDES  STUDIED  WITH  X-RAY 
IMAGERY  FROM  A  SATELLITE 
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INTRODUCTION 

At  very  high  latitudes,  existing  data  and  theoretical  models  suggest  there  may  be  Isolated 
patches  of  energetic  electron  precipitation  Into  the  atmosphere.  Islands  of  energetic 
electrons  have  frequently  been  observed  In  the  geomagnetic  tall  /1, 2, 3/.  Also,  theoretical 
studies  have  advanced  the  Idea  of  localized  plasma  entry  through  the  magnetopause  involving 
clouds  or  plasmoids  /4/.  With  direct  particle  measur  enents ,  Hoffman  and  Evans  /  5/  observed 
a  "burst  region"  poleward  of  the  auroral  oval  that  was  charac ter  1  red  by  a  very  soft  spectrum 
and  large  structures  In  the  precipitation  patterns.  The  sporadic  and  structured  precipita¬ 
tion  of  soft  electrons  over  the  polar  caps  has  been  observed  by  Uinningham  and  Heikkla,  /6/. 
Higher  energy  spikes  have  been  observed  at  high  latitudes  by  McDiarraid  and  Burrows  / 7 /  for  > 
40  keV  electrons  and  by  Brown  and  Stone  /8/  for  >  425  keV  electrons.  However,  the  struc¬ 
tured  precipitation  of  electrons  at  high  latitudes  is  not  well  understood  due  to  the  two- 
dimensional  character,  the  confined  extent  and  the  temporal  variations.  For  energetic 
electrons  even  less  Is  known  due  to  limitations  In  the  available  data. 

Many  of  the  existing  spat ial- temporal  ambiguities  associated  with  the  structured  precipita¬ 
tion  of  energetic  electrons  at  high  latitudes  can  be  unraveled  by  observing  the  brensstrah- 
lung  x-ray  footprints  In  the  atmosphere,  preferably  with  fine  spatial  resolution  over  an 
extended  period  of  time  and  with  spectrum  coverage  extending  to  relatively  high  energies. 
Here  we  present  some  fine  spatial  resolution  mappings  of  small  isolated  patches  of  brems- 
strahlung  x-rays  observed  at  high  latitudes. 

BRIEF  DESCRIPTION  OF  INSTRUMENTATION 

The  x-ray  mapping  spectrometer  was  part  of  the  SEF.P  (Stimulated  Emission  of  Energetic 
Particles)  payload  on  the  SRl-l  spacecraft.  The  basic  design  of  the  spectrometer  is  to  be 
described  in  a  publication  of  Calvert  et  al.  (private  communication)  and  the  calibration  and 
performance  by  Voss  et  al.  (private  communication).  The  instrument  consisted  of  a  large 
area  position-sensitive  proportional  counter  filled  with  xenon  gas  and  sensitive  over  the 
energy  range  4  to  40  keV.  The  spectrometer  was  oriented  in  a  forward  and  downward  (35 
below  horizontal)  direction  viewing  the  atmosphere  with  a  +  45°  f i eld-of-v lew  to  the  left 
and  right.  The  field  of  view  was  divided  into  16  pixels  in  the  direction  perpendicular  to 
the  trajectory  of  the  low  altitude  (170  -  280  km)  polar  orbiting  satellite.  The  spatial  and 
temporal  resolutions  were  ”  30  kra  and  0.13  second,  respectively.  Energy  spectra  of  the 
x-rays  were  measured  over  24  channels  for  the  center  two  pixels  and  over  R  channels  for  each 
of  the  renalning  pixels. 

OBSERVATIONS 

Examples  of  the  brerasstrahlung  x-ray  mappings  obtained  with  the  SEEP  payload  have  been  shown 
previously  /9,10/.  Here,  the  x-ray  data  were  surveyed  for  the  occurrences  of  small  isolated 
patches  of  brerasstrahlung  x-ray  mission  over  the  polar  caps.  For  this  purpose  the  follow¬ 
ing  criteria  were  established^  1)  the  maximum  x-ray  flux  from  the  central  rrginn  of  the 

patch  must  exceed  2  x  10  /cm  ster  sec  2)  the  spot  must  be  completely  surrounded  by  an 

Intensity  close  to  the  background  level  3)  the  full  w  id  th-at-hal  f-max  lmum  In  anv  direction 
should  not  exceed  300  km.  A  total  of  2Q  Isolated  patches  were  noted.  Examples  of  the  x-ray 
spots  are  shown  In  Figure  |.  Each  section  of  the  figure  represents  the  mapping  observed 
during  a  different  pass  of  the  spacecraft.  The  invariant  latitudes  and  magnetic  local  times 
(MLT)  are  at  the  positions  of  the  satellite.  The  center  x-rav  pixels  view  the  same  position 
20  -  50  seconds  earlier;  the  exact  time  difference  depends  upon  the  altitude  of  the  satel¬ 
lite  and  the  altitude  of  x-ray  production,  which  is  energy  dependent.  These  maps  represent 
total  x-ray  counting  rates  over  the  energy  range  ■'*  -  40  keV.  One  should  note  the  variations 

in  Intensity,  area,  and  shape  of  the  patches.  Two  of  the  illustrated  passes  (Tune  |h  and 

June  2h)  also  contain  an  elongated  patch  or  narrow  arc  spanning  the  f  i  e  1  d-of  -  v  1  ew  which  does 
not  meet  the  criteria  for  selection  of  small  patches. 
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to  83°,  with  a  median  latitude  of  72.5°.  The  night  to  day  preference  spanned  all  latitudes 
but  at  low  latitudes  the  events  occurred  primarily  at  times  Just  before  midnight. 


In  order  to  study  the  occurrence  frequency  of  small  x-ray  patches  as  a  function  of  magnetic 
local  time,  the  observations  at  invariant  latitudes  above  70°  were  subdivided  Into  selected 
MLT  Intervals  and  these  are  plotted  in  Figure  3.  As  in  Figure  2  the  data  indicate  a  prefer¬ 
ence  for  spot  observation  between  noon  and  midnight,  with  patches  rarely  appearing  in  the 
morning  hours.  A  more  quantitative  assessment  of  the  local  time  dependence  has  been  made  by 
correcting  for  the  non-uniform  sampl ing  of  MLT  intervals.  The  number  of  spot  observations 
In  each  of  several  selected  MLT  Intervals  was  divided  by  the  number  of  observations  in  those 
intervals  and  the  results  are  shown  in  Figure  3. 
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Figure  3.  The  nu.iber  of  x-ray  patches  versus  MLT  for  Invariant  latitudes  >  70°.  Also  shown 
are  the  number  of  sample  passes  at  invariant  latitude  ;  73°  and  the  number  of 
patches  divided  by  the  number  of  samples. 

Two  representative  energy  spectra  of  the  x-rays  emitted  from  Isolated  x-ray  patches  are 
presented  in  Figure  4.  In  these  examples  the  spectra  were  taken  in  the  center  two  pixels 
where  24  channel  energy  resolution  was  available.  The  spectra  have  been  corrected  for 
detection  efficiency  and  for  transmission  of  the  x-rays  through  the  0.76  mm  thick  beryllium 
plate  at  the  entrance.  The  total  intensities  of  the  x-rays  emitted  from  the  patches  span  a 
broad  range,  and  the  e-fold  energies  of  the  x-rays  were  generally  within  1-6  keV,  with 
corresponding  electron  e-fold  energies  of  *  (2-12)  keV. 
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Figure  U.  F.xample->  of  the  energy  spectra  for  the  x-rays  emitted  from  the  center  two  pixels 
in  the  heart  of  representative  isolated  x-ray  patches. 

DISCUSSION 

Since  the  majority  of  x-ray  patches  occurred  from  dusk  until  dawn  except  for  those  observed 
In  the  early  afternoon,  many  of  them  may  be  related  to  the  geomagnetic  tail.  Their  isolated 
nature  suggests  a  similarity  to  th^  islands,  but  morp  evidence  is  required  before  a  defini¬ 
tive  association  can  be  made. 

The  mid-afternoon  patches  considered  hrrp  might  represent  the  impulsive  entry  of  localised 
plasma  clouds  fkf.  However,  the  present  x-ray  spots  corronpand  to  much  higher  energy 
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electrons  than  the  bulk  of  those  generally  associated  with  plasma  clouds  or  with  the 
localized  "polar  showers"  observed  over  the  polar  caps  by  Winnlngham  and  Helkklla  /6/.  The 
present  observations  may  possibly  indicate  that  the  localized  plasma  clouds  extend  up  to 
energies  of  a  few  keV. 

On  Infrequent  occasions  isolated  narrow  patches  were  observed  that  were  too  long  to  qualify 
as  a  small  patch.  Some  of  these  long  and  narrow  patches  were  observed  at  Invariant  lati¬ 
tudes  as  high  as  75°,  and  were  therefore  poleward  of  the  auroral  oval.  In  that  regard  they 
might  be  called  polar  cap  arcs  but  the  elongated  patches  were  typically  not  sun-aligned  as 
are  polar  cap  arcs.  A.1  so  due  to  the  limited  spatial  coverage  of  the  SEEP  x-ray  observations 
they  may  not  be  very  long  and  may  merely  be  modified  forms  of  x-ray  patches. 

More  analysis  is  underway  to  consider  possible  correlations  of  the  x-ray  patches  with 
geomagnetic  conditions  and  various  phenomena  such  as  x-ray  microbursts,  and  a  more  compre¬ 
hensive  paper  will  be  published  later. 

SUMMARY 

Small  isolated  patches  of  bremss trahlung  x-rays  with  typical  dimensions  of  100  -  300  km  have 
been  observed  over  the  polar  caps  with  the  following  characteristics: 

o  The  x-ray  patches  were  most  often  observed  in  the  dusk- to-ra Idnight  sector, 
but  some  were  observed  at  all  magnetic  local  times  except  the  earl^  morning, 
o  Small  patches  of  x-rays  were  observed  at  invariant  latitudes  of  65  -  83  . 

o  The  x-ray  energy  spectra  displayed  e-fold  energies  of  (1-6)  keV. 
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An  active  satellite-ground  coordinated  space  plasma  experiment  was  conducted  from  May  to  De¬ 
cember,  1982.  in  which  electrons  were  precipitated  from  the  radiation  belts  into  the  ionosphere  h\  the 
controlled  injection  of  VLF  signals  from  ground-based  transmitters  The  results  confirm  the  hypothesis 
that  electrons  can  be  precipitated  from  the  radiation  belts  by  ground-based  VLF  transmitters,  and  they 
provide  information  relating  to  the  effects  of  such  precipitation  on  the  ionosphere.  The  ionization 
produced  in  the  atmosphere  of  the  northern  hemisphere  at  L  =  2  3  by  the  modulated  signals  from 
ground-based  VLF  transmitters  was  shown  to  be  as  great  as  one  ton  pair/cm’ s  at  80  km  altitude  I  lie 
ionization  at  comparable  positions  produced  by  naturally  occurring  electron  precipitation  varies  great¬ 
ly,  and  can  be  as  low  as  0  1  ion  patr/cmJ  s,  but  is  also  sometimes  larger  than  100  ion  pairs  cm1  s  at 
times  of  lightning  flashes. 


INTRODUCTION 

An  active  experiment,  stimulated  emission  of  ener¬ 
getic  particles  (SEEP),  was  conducted  during  May- 
December  1982.  In  this  experiment  the  U.S.  Navy 
operational  VLF  transmitters  at  Cutler,  Maine 
(NAA);  Annapolis,  Maryland  (NSS);  and  Jim  Creek, 
Washington  (NLK)  and  the  Stanford  University  re¬ 
search  VLF  transmitter  at  Siple  Station,  Antarctica, 
were  operated  in  special  controlled  formats  at  times 
of  overpasses  of  the  low-altitude  polar-orbiting  satel¬ 
lite  S81-I.  The  spacecraft  payload  measured  both 
direct  electron  precipitation  >  2  keV  and  brems- 
strahlung  X  rays  >4  keV  from  the  atmosphere.  The 
experiment  concept  is  illustrated  schematically  in 
Figure  1.  The  locations  of  the  VLF  transmitters  are 
indicated  along  with  a  representation  of  the  satellite 
paths  during  three  successive  passes.  In  addition,  the 
modulated  VLF  waves  and  their  regions  of  interac¬ 
tion  with  the  trapped  electrons  are  also  shown. 
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The  SEEP  experiment  payload  on  the  three-axis 
stabilized  polar-orbiting  SSI- 1  spacecraft  contained 
an  array  of  cooled  silicon  solid  state  detectors  to 
measure  electrons  and  ions  directly  with  high  sensi¬ 
tivity  and  fine  energy  resolution  [l  ow  et  til..  1982]. 
The  data  presented  here  were  taken  with  electron 
spectrometers  mounted  at  90  zenith  angle  and  at  90 
to  the  orbit  plane  (TE  detector),  at  0  zenith  angle 
(MEI)  and  at  180"  zenith  angle  (MI  2)  Ihc  TF  spec¬ 
trometer  had  an  electron  threshold  energy  of  6  keV, 
an  acceptance  angle  of  ±20  and  a  geometric  factor 
of  0.17  cm2  sr.  It  is  sensitive  to  both  electrons  and 
ions,  but  on  the  basis  of  the  responses  of  other  detec¬ 
tors  in  the  payload,  all  of  the  precipitation  events 
presented  here  are  taken  to  be  associated  with  elec¬ 
trons.  Each  of  the  MEI  and  MF2  spectrometers  had 
an  electron  threshold  energy  of  45  KeV,  an  accept¬ 
ance  angle  of  ±30'  and  a  geometric  factor  of  2  47 
cm2  sr.  A  thick  window  on  MEI  and  MF2  prevented 
ions  with  energies  below  0  5  MeV  from  impinging  on 
the  silicon  detector,  and  therefore  in  all  of  the  data 
shown  the  counts  were  predominantly  due  to  elec¬ 
trons.  The  measurements  were  performed  at  satellite 
altitudes  of  —  220  km 
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With  this  payload  the  first  observations  were  made 
of  direct  bounce  loss  cone  precipitation  of  radiation 
belt  electrons  bv  the  controlled  injection  of  VLF  sig¬ 
nals  from  a  ground  based  transmitter  [Imhof  et  ai. 
1983a],  Although  past  observations  had  shown  that 
electrons  can  be  precipitated  from  the  radiation  belts 
by  ground-based  VLF  transmitters,  the  evidence  was 
based  predominantly  on  observations  of  electrons  in 
the  drift  loss  cone  Narrow  resonant  peaks  in  the 
energy  spectra  [Imhof  et  ai.  1974,  1981;  Vampola  and 
Kink.  1978;  Koons  et  ai.  1981]  and  coordinated 
wave-particle  observations  [Imhof  et  til  .  1981]  had 
provided  evidence  for  the  effects  of  transmitters  In 
spite  of  the  SFFP  findings,  relatively  little  is  known 
about  the  importance  of  transmitters  in  relation  to 
other  loss  processes  for  radiation  belt  particles.  It  is 
realized,  however,  that  electrons  are  regularly  pre¬ 
cipitated  from  the  radiation  belts  and  that  these  elec¬ 
trons  can  cause  measurable  ionization  at  midlati¬ 
tudes. 

I  he  purpose  of  this  paper  is  to  assess  the  effects  on 
the  ionosphere  of  electrons  precipitated  by  the  trans¬ 
mitters  NAA  and  NSS  during  the  observed  SFFP 
events  and  to  compare  these  with  the  effects  of  elec¬ 
tron  precipitation  induced  by  natural  causes. 


OBSERVATIONS  OF  Flit  IRONS  I'RK  "1 1*1 !  A  I  ID 
BY  VLF  TRANSMITTERS 

A  good  example  of  electron  flux  modulations  in 
correlation  with  the  transmitter  on-off  signals  oc¬ 
curred  on  August  17,  1982  at  8680  8740  seconds  (U 
when  the  SEEP  payload  was  passing  near  the  NAA 
transmitter  as  it  was  being  modulated  with  a  3-s  on 
and  2-s  off  pattern.  In  Figure  2  the  electron  fluxes 
measured  at  various  zenith  angles  are  plotted  as  a 
function  of  time.  A  modulation  period  of  5  ±0.1  s  is 
clearly  seen  for  12  consecutive  cycles  For  reference, 
the  measured  on  times  of  the  transmitter  at  NAA  are 
indicated.  The  risetime  of  the  electron  flux  and  the 
observed  delay  in  decay  time  of  '-15s  are  now  un¬ 
derstood  [/nan  et  ul.  1985]  in  terms  of  the  pitch 
angle  dependence  of  the  particle  distribution  near  the 
edge  of  the  loss  cone  and  by  the  multiple  interaction 
of  the  particles  with  the  waves  due  to  significant  at¬ 
mospheric  backscattcr. 

Differential  energy  spectra  of  the  precipitating  elec 
Irons  taken  during  the  times  of  enhanced  electron 
precipitation  showed  prominent  peaks  hut  there  was 
little  evidence  of  their  presence  during  tunes  of  mini 
mum  intensity.  It  was  shown  that  the  measured  peak 
energies  and  their  variations  with  I  are  consistent 
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Fig  2.  Electron  (luxes  on  August  17.  (982.  plotted  as  a  function  of  time.  Also  shown  are  the  on  and  off  times  of 

the  NAA  transmitter 


with  those  expected  for  cyclotron  resonance  with 
waves  of  the  transmitter  frequency  travelling  parallel 
to  the  earth's  magnetic  field  lines  llmliof  et  al., 
1983a], 

From  surveys  of  the  SEEP  data  five  electron  mod¬ 
ulation  events  were  found  from  the  65  passes  of  the 
satellite  when  one  of  the  transmitters  was  being  mod¬ 
ulated  in  a  special  3-s  on  and  2-s  off  format  No  such 
events  were  found  in  the  175  passes  when  neither  the 
NAA  nor  NSS  transmitter  was  being  modulated  in 
one  of  the  special  SEEP  formats.  All  of  the  time 
profiles  for  the  events  displayed  a  similar  pattern  in 
which  the  fluxes  increased  rather  slowly  after  start  of 
the  on  period  and  reached  a  maximum  about  2  s 
later.  The  temporal  profile  and  the  absolute  count 
rates  of  the  observed  fluxes  were  found  to  be  in  good 
agreement  with  the  predictions  of  an  extended  test 
particle  model  of  the  wave-particle  interaction  in  the 
magnetosphere  [/nan  et  al.,  1985], 

Although  modulated  electron  precipitation  events 
associated  with  the  controlled  injection  of  VLF  sig¬ 
nals  from  a  ground-based  transmitter  were  not  ob¬ 
served  frequently,  transmitters  may  still  play  a  strong 
role  in  the  precipitation  of  electrons  from  the  radi¬ 
ation  belts.  Narrow  peaks  in  the  energy  spectra  of 
electrons  precipitating  from  the  inner  radiation  belt 
in  the  drift  loss  cone  have  been  shown  to  result  from 
cyclotron  resonance  interactions  with  waves  from 
ground-based  transmitters  [ Imhof  et  al.,  1981]  Even 


in  the  bounce  loss  cone  the  transmitters  might  ha\e 
contributed  significantly  to  the  observed  fluxes  in  the 
absence  of  a  detectable  modulation  To  assess  the 
role  of  transmitters  it  is  important,  therefore,  to  com¬ 
pare  the  absolute  fluxes  of  electrons  measured  during 
normal  operations  with  those  observed  when  the 
transmitters  were  either  off  or  operated  in  a  special 
manner  such  as  in  the  SEEP  3-s  on  and  2-s  off 
format.  Unfortunately,  a  significant  amount  of  data 
were  not  acquired  with  both  the  NAA  and  NSS 
transmitters  off.  Normal  operation  consisted  of  a 
constant  amplitude  signal  with  the  frequency  shifted 
as  often  as  once  every  25  ms.  In  the  SEEP  format  the 
frequency  was  fixed  during  the  on  time  of  3  s.  The 
wider  bandwidth  signal  during  normal  operations 
may  possibly  have  inhibited  temporal  growth  of  the 
waves,  as  found  in  earlier  Siple  experiments  [R(t<//tu- 
ram  el  al..  1977], 

The  possible  effects  of  transmitter  operation  on  the 
fluxes  of  precipitating  electrons  are  illustrated  m 
Figure  3  where  the  median  electron  fluxes  >6  ke\' 
observed  during  a  5.6-s  period  centered  at  /.  =  2  3 
are  plotted  as  a  function  of  longitude  Separate  sym¬ 
bols  are  used  for  the  normal  operation  of  both  trans¬ 
mitters  and  for  the  special  modulation  of  either 
transmitter  in  the  3-s  on  and  2-s  oil  formal.  Hunne 
the  normal  mode  pass  on  August  1 1.  |9X2.  a  narrow 
spike  of  precipitating  electrons  with  the  clear  charac¬ 
teristics  of  those  induced  by  lightning  [  l  oss  cr  ,il . 
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NORTH  L  =  2.  3 

90°  ZENITH  n  NORMAL  MODULATION 

ELECTRONS  >  6  keV  +  SPECIAL  MODULATION 
29  MAY  -  6  JULY  1982  (  3s  ON.  2s  OFF) 

22  JULY  -  5  DEC  1982  •  EVENTS 


260  300 

LONGITUDE  (DECREES  EAST) 


Fig.  3.  The  median  electron  flu*  measured  during  a  5  6-s  period  centered  at  L  -  2  3  plotted  versus  longitude 
Solid  circles  indicate  fluxes  measured  on  a  pass  when  an  event  was  observed.  Median  flu*  levels  for  normal 
operation  and  for  modulation  in  a  special  format  (3-s  on/2-s  oil)  are  shown  in  10"  longitude  bins. 


19846]  was  observed  at  an  L  value  close  to  2.3  and 
that  event  is  treated  later  in  this  paper  with  a  shorter 
summation  time  interval.  To  minimize  the  flux  vari¬ 
ations  associated  with  magnetic  activity  the  time 
period  July  7-21.  1982.  has  been  excluded  from  the 
plot.  At  the  times  covered  in  the  figure  the  electron 
fluxes  in  this  longitude  interval  increased  by  as  much 
as  an  order  of  magnitude  subsequent  to  the  magnetic 
storms  with  a  peaking  at  a  time  delay  of  about  4 
days  [ V oss  el  al.,  I984<j],  The  pronounced  transmit¬ 
ter  modulation  event  on  August  17,  1982.  occurred 
during  one  of  these  enhanced  electron  periods.  The 
median  flux  levels  shown  for  10  longitude  bins  do 
not  seem  to  indicate  a  significant  change  in  the 
average  precipitation  rate  when  the  transmitters  were 
operated  at  fixed  frequency  with  a  60%  duty  cycle  as 


compared  to  the  normal  broader  frequency  operation 
at  100%  duty  cycle.  Although  evidence  for  a  strong 
effect  of  the  transmitters  was  not  found  by  this  tech¬ 
nique  (see  also  ImhoJ  el  al.  [19836]),  it  should  be 
emphasized  that  the  ideal  experiment  was  not  con¬ 
ducted  in  which  one  could  compare  the  fluxes  of 
precipitating  electrons  observed  when  both  NAA  and 
NSS  transmitters  were  oirand  when  both  were  on 

Emt'TS  OF  PRECTPIT  ATI  D  UK  IRONS 
ON  THE  IONOSPHERE 

We  now  consider  the  ionjzation  in  the  atmosphere 
that  would  be  associated  with  the  pronounced  trans¬ 
mitter  modulation  evenls  of  August  13  and  August 
25.  1682.  and  compare  the  ionization  profiles  with 
other  representative  cases  of  electron  precipitation 
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Fig.  4  Energy  spectra  of  electrons  measured  in  the  northern  hemisphere  during  each  of  several  satellite  passes 
The  curves  are  best  fits  to  the  measured  data  points  For  the  August  1 1.  1982,  event  (he  spectrum  was  summed  over 
a  time  period  of  0.70  s.  For  all  of  the  other  spectra  the  summation  interval  was  8.19  s. 


Based  on  both  the  energy  spectrum  and  the  pitch 
angle  distribution  of  the  precipitating  electrons  the 
ionization  profile  can  be  calculated  by  using  the 
AURORA  computer  program  [Walt  et  al„  1968], 
Energy  spectra  of  the  electrons  in  the  northern  hemi¬ 
sphere  were  measured  with  fine  energy  resolution, 
and  the  spectra  at  /,  =  2.3  and  longitudes  of  286  F.  to 
294  E  during  these  transmitter  modulation  events 
and  at  other  selected  times  are  shown  in  Figure  4, 
The  applicable  time  interval  is  8.19  s  except  for  the 
lightning  associated  spectrum  on  August  1 1,  1982,  for 
which  the  summation  time  is  0.70  s.  These  spectra 
represent  electrons  observed  with  the  detector  at  a 
central  pitch  angle  of  90  -96".  All  of  the  observed 
electrons  have  mirror  points  below  sea  level  in  the 
southern  hemisphere;  i.e.,  the  electrons  were  all  pre¬ 
cipitating  within  one  bounce,  except  for  back- 
scattering.  Only  those  with  pitch  angles  less  than 
-  78  precipitated  in  the  northern  hemisphere,  but 
for  purposes  of  calculating  energy  deposition  profiles 
we  shall  assume  the  spectra  of  electrons  precipitating 
in  the  north  are  the  same  as  shown  in  Figure  4. 


The  pitch  angle  distributions  were  measured  di¬ 
rectly  at  positions  above  the  atmosphere  with  the 
array  of  collimated  electron  spectrometers  in  the 
SEEP  payload.  However,  measurements  were  made 
at  only  a  few  pitch  angles  with  relatively  broad  angu¬ 
lar  resolution.  A  histogram  representation  of  the 
fluxes  observed  in  those  detectors  during  the  August 
17.  1982,  measurement  is  shown  in  Figure  5.  A  Gaus¬ 
sian  fit  (B)  to  the  northern  hemisphere  measurements 
is  also  shown  in  the  figure,  normalized  to  unity  at 
90  .  In  addition,  a  narrower  Gaussian  pitch  angle 
distribution  (C)  is  plotted  based  on  the  measurements 
in  the  northern  hemisphere  for  some  of  the  other 
events  It  should  be  realized  that  both  the  absolute 
fluxes  and  the  shapes  of  the  pitch  angle  distributions 
can  vary  considerably  from  one  satellite  pass  to  an¬ 
other  Although  the  transmitters  were  routinely  oper¬ 
ated  at  the  same  power  level,  the  intensities  of  the 
waves  ;ifter  passage  through  the  ionosphere  are 
known  to  vary  considerably  due  to  changes  in  iono¬ 
spheric  conditions  [  Hryhonir.  1966) 

We  have  calculated  energy  deposition  profiles  at 
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PITCH  ANCCt  (dag } 

Fig.  5  Pilch  angle  distributions  at  L  =  2  3  in  the  northern 
hemisphere  for  electrons  >45  keV.  Curves  A  and  B  are  histogram 
and  Gaussian  representations,  respectively,  of  the  distribution 
measured  during  the  transmitter  modulation  event  on  August  17, 
1982.  Curve  C  is  a  narrower  Gaussian  distribution  based  on  the 
TE  measurements  at  a  variety  of  longitudes.  The  pitch  angle  dis¬ 
tributions  are  normalized  to  10  at  90 


L  =  2.3  using  (he  AURORA  program  for  the  pitch 
angle  distributions  shown  in  Figure  5  each  normal¬ 
ized  to  the  same  flux  at  90°  pitch  angle  and  for  the 
observed  spectral  shape.  The  results  are  shown  in 
Figure  6.  As  one  can  see,  the  differences  between  the 
histogram  (A)  and  the  corresponding  Gaussian  pitch 
angle  distribution  (B)  for  the  August  17.  1982,  event 
are  only  of  the  order  of  25%  and  therefore  the  details 
of  the  pitch  angle  distribution  measured  during  this 
event  are  not  critical  in  regard  to  the  calculated 
energy  deposition  profile.  The  deposition  profile  for 
the  August  17,  1982,  event  was  also  calculated  as¬ 


suming  the  narrower  pitch  angle  distribution  (C) 
shown  in  Figure  5.  For  this  narrower  distribution, 
not  actually  measured  during  the  event,  the  energy 
deposition  profile  would  be  reduced  by  a  factor  of 
2-3.  The  energy  deposition  profiles  A  and  B  in 
Figure  6  are  equivalent  to  an  energy  input  of  ~  10  4 
ergs/cm2  s  and  a  corresponding  riometer  absorption 
of  ~0.06dB  at  30  MHz  [Reagan  et  al„  1983]. 

Energy  deposition  profiles  corresponding  to  the 
various  energy  spectra  in  Figure  4  and  for  the  appro¬ 
priate  histogram  pitch  angle  distributions  are  pre¬ 
sented  in  Figure  7.  The  applicable  histogram  pitch 
angle  distribution  is  based  on  the  observed  responses 
in  detectors  TE  and  ME1  during  the  satellite  pass  of 
interest,  and  the  ratios  of  these  responses  are  provid¬ 
ed  in  Table  1.  In  all  of  these  cases  the  counting  rates 
in  detector  ME2  were  much  lower  than  in  MEI.  The 
modulated  signals  from  the  NAA  transmitter  during 
the  August  17,  1982,  event  produced  an  ionization 
rate  of  ~  1  ion  pair/cm3  s  at  80  km  altitude.  Both  the 
shapes  and  the  absolute  intensities  of  the  ionization 


Fig  b  Fnergy  deposition  profiles  calculated  with  the  Aurora 
program  for  the  energy  spectrum  and  pitch  ancle  distributions 
shown  in  Figures  4  and  5.  respectively  Curve  \  is  for  the  histo¬ 
gram  pitch  angle  distribution  and  curve  B  for  the  Gaussian  pitch 
angle  distribution  For  the  August  I"7.  Nff?.  event,  curve  ('  corre¬ 
sponds  to  the  narrower  Gaussian  pitch  angle  distribution 
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Fig.  7.  F.nergy  deposition  profiles  calculated  for  the  energy  spectra  in  Figure  4  and  for  the  appropriate  histogram 
pitch  angle  distribution  based  on  the  simultaneous  counting  rates  measured  in  detectors  TE  and  ME  I 
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profiles  at  L  =  2.3  vary  over  a  wide  dynamic  range, 
but  may  be  as  low  as  0.1  ion  pair/cm3  s  at  (260°- 
310°)  E  in  the  northern  hemisphere.  Some  of  the  pre¬ 
cipitation  events  were  fairly  steady  as  observed  from 
the  satellite  over  broad  time  and  latitude  intervals. 
At  other  times,  such  as  during  the  modulated  trans¬ 
mitter  events  or  lightning  associated  precipitation, 
significant  variations  were  observed  on  a  short  time 
scale.  These  fluctuations  can  be  particularly  large  for 
the  precipitation  produced  by  lightning.  The  latter 
type  event  on  August  1  i,  1982  was  summed  over  the 
peak  response  period  of  0.70  s,  but  all  of  the  other 
profiles  were  averaged  over  8.19  s.  For  this  and  other 
lightning  flashes  the  ionization  rates  at  ~80  km  alti¬ 
tude  can  be  of  the  order  of  100  ion  pairs/cm3  s  or 
greater.  Since  the  average  electron  precipitation  is 
comparable  to  that  observed  during  the  August  17 


TABLE  I  MEIKTE  Flux  Ratio* 


Date 

UT 

Ratio 

Aug  8,  1982 

0228 

0241 

Aug  1 1.  1982 

0256 

0  808 

Aug  17,  1982 

0225 

0  155 

Aug.  25,  1982 

0241 

0  149 

Sept.  17.  1982 

0224 

O  24  5 

-1 


event,  it  is  not  known  at  present  how  much  of  the 
ionization  normally  occurring  in  the  northern  hemi¬ 
sphere  at  L  =  2.3  in  this  longitude  region  is  associ¬ 
ated  with  transmitters  and  how  much  results  from 
other  processes. 

Analysis  of  the  data  acquired  on  many  satellite 
passes  through  the  regions  of  space  considered  here 
shows  that  a  measurable  ionization  from  precipi¬ 
tating  electrons  is  generally  produced  at  altitudes  of 
70-120  km.  Some  portion  of  this  ionization  in  the 
northern  hemisphere  is  generally  present  as  a  result 
of  backscatter  in  the  southern  hemisphere  of  elec¬ 
trons  in  the  drift  loss  cone.  One  of  the  two  transmit¬ 
ters  NAA  and  NSS  was  usually  operating  and  so  it 
has  not  been  possible  in  this  experiment  to  establish 
conclusively  what  the  contribution  of  these  transmit¬ 
ters  is  to  the  electron  precipitation  normally  oc¬ 
curring.  These  ambiguities  could  be  resolved  with  use 
of  a  much  more  powerful  transmitter  operating  at  a 
lower  frequency,  on  a  different  I.  shell  and  or  one 
placed  above  the  ionosphere  on  a  satellite  such  that 
the  waves  from  the  transmitter  are  much  stronger  in 
the  near  equatorial  regions  and  the  associated  ioniza¬ 
tion  effects  considerably  greater  It  may  then  be  pos¬ 
sible  to  affect  the  ionosphere  significantly  through 
the  controlled  precipitation  of  electrons  from  the 
radiation  belts. 
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SUMMARY 

The  modulated  signals  from  a  ground-based  VLF 
transmitter  have  been  shown  to  produce  ionization 
rates  at  altitudes  of  ~80  km  in  the  midlatitude 
(L  =  2.3)  northern  hemisphere  as  high  as  1  ion 
pair/cm3  s.  The  naturally  occurring  ionization  rates 
in  this  latitude  region  show  large  variations,  are  lon¬ 
gitude  dependent,  and  at  (260°-310°)  E  in  the  north¬ 
ern  hemisphere  may  be  as  low  as  0.1  ion  pair/cm3  s. 
At  these  same  locations  the  ionization  at  ~80  km 
associated  with  lightning  flashes  is  sometimes  in 
excess  of  100  ion  pairs/cm3  s,  but  for  each  flash  the 
time  duration  of  the  intense  precipitation  is  of  the 
order  of  only  1  s. 
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Bremsstrahlung  X  Ray  Images  of  Isolated  Electron  Patches  at  High  Latitudes 
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Small  isolated  patches  of  energetic  electron  precipitation  have  been  observed  at  high  latitudes  with  a 
bremsstrahlung  X  rav  imager  in  the  Stimulated  Emission  of  Energetic  Particles  (SEEP)  payload  on  the 
polar-orbiting  S8 1- 1  satellite  T wentv  nine  patches  of  X  rays  I  >  4  keVl  with  typical  widths  of  ~  200  km 
were  observed  in  June  1982  at  invariant  latitudes  between  65  and  85  with  a  median  latitude  of  72  5 
The  majority  of  X  ray  patches  occurred  from  dusk  until  dawn,  but  a  few  were  present  in  the  early 
afternoon  hours  The  observed  energy  spectra  were  relatively  soft  (r  fold  energies  about  I  6  keV)  and 
independent  of  invariant  latitude,  magnetic  local  time,  or  geomagnetic  activity  The  occurrence  frequency 
of  the  patches  was  somewhat  greater  at  times  of  high  geomagnetic  activity  The  patches  were  usually 
oblong  by  factors  up  to  3.7,  with  a  median  value  of  I  75  No  strongly  preferred  alignment  was  found 
Comparisons  of  the  direct  electron  measurements  and  the  X  rav  observations  from  the  same  satellite 
have  shown  that  in  some  cases  the  small  isolated  patches  of  electron  precipitation  at  high  latitudes  may 
undergo  significant  changes  in  position  on  time  scales  of  the  order  of  a  few  seconds. 


Introduction 

At  high  invariant  latitudes,  existing  data  and  theoretical 
models  suggest  there  may  be  isolated  patches  of  electron  pre¬ 
cipitation  into  the  atmosphere  With  direct  particle  measure¬ 
ments,  Hoffman  anil  finin' t  [1968]  observed  bursts  of  low- 
energy  electrons  poleward  of  the  auroral  oval  The  polar  rain, 
discovered  by  H  inninqham  and  Hetkkila  [1974]  and  more  re¬ 
cently  studied  by  Gus.senhoven  er  al.  [1984],  can  be  interrupted 
by  bursts  of  electrons  [H  inninqham  and  Hetkkila,  1974; 
Hardy.  1984]  This  sporadic  and  structured  precipitation  of 
soft  electrons  over  the  polar  caps  has  been  named  "polar 
showers"  by  Wmninqham  and  Hetkkila  [1974]  Also,  theoreti¬ 
cal  studies  have  advanced  the  idea  of  localized  plasma  entry 
through  the  magnetopause  involving  clouds  or  plasmoids  [  l.e- 
maire.  1977;  Hetkkila.  1982]  The  signatures  of  plasmoids  in 
the  magnetotail  have  been  investigated  by  Hones  el  al.  [1984] 
Auroral  patches  at  relatively  low  latitudes  in  the  trough  region 
equatorward  of  the  diffuse  auroral  boundary  have  been  re¬ 
ported  bv  Mosliupt  et  al.  [1979],  with  precipitating  electrons 
above  these  auroral  forms  extending  up  to  210  keV  [  H'cj//j.s  et 
al..  1979]  Precipitating  particle  spikes  have  been  observed  at 
high  latitudes  by  McDiarmid  and  Burrows  [1965]  for 
>40-keV  electrons  and  by  Brown  and  Stone  [1972]  for 
>425-keV  electrons  Isolated  patches  or  islands  of  energetic 
electrons  were  observed  in  the  geomagnetic  tail  by  Anderson 
[1965]  Subsequently,  energetic  electron  bursts  in  the  mag- 
netotail  were  investigated  by  others  (eg.  Menq.  1971;  Menq 
and  Anderson.  1971;  Heath  el  al  .  1976;  Roelof  et  al .  1 976 ] , 
these  may  relate  to  the  isolated  patches  of  energetic  electron 
precipitation  Despite  these  varied  observations  and  theories 
the  structured  precipitation  of  electrons  at  high  latitudes  is  not 
well  understood,  because  of  the  temporal  and  spatial  vari¬ 
ations 

The  spatial  and  temporal  ambiguities  associated  with 
measurements  of  the  structured  precipitation  of  energetic  elec¬ 
trons  at  high  latitudes  can  he  improved  hv  observing  the 
bremsstrahlung  X  ray  footprints,  preferably  with  fine  two- 
dimensional  spatial  resolution  over  an  extended  period  of  lime 
and  with  complete  spectral  coverage  Here  we  present  brems- 
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strahlung  X  ray  images  and  electron  measurements  of  small 
isolated  patches  observed  at  high  latitudes  This  paper  pro¬ 
vides  more  detailed  analysis  of  data  presented  in  a  preliminary 
form  at  COSPAR  [ Imho I  et  al.  19X4] 

Brief  Description  r>»  Insiri  mi  mamon 
The  X  ray  imaging  spectrometer  was  pari  of  the  Stimulated 
Emission  of  Energetic  Panicles  (SEEP)  payload  on  the  SXI-I 
spacecraft  The  satellite  was  three-axis  stabilized  in  a  sun- 
synchronous  1030  L.T  and  2230  IT  polar  orbit  al  low  aliunde 
(170  280  kml  The  basic  design  of  the  spectrometer  is  de¬ 
scribed  by  Calvert  et  al  [1985]  The  instrument  consisted  of  a 
position-sensitive  proportional  counter  using  a  pinhole 
camera  technique  lo  form  a  one-dimensional  16-pixel  image 
The  counter  was  filled  with  xenon  gas.  sensitive  over  the 
energy  range  4  to  40  keV,  and  had  an  effective  area  of  590  cm: 
(40  5  cm  x  14  5  cml  The  X  ray  held  of  view  was  maintained 
by  the  ;  «  15  cm  entrance  aperture  to  provide  an  overall 
geometric  factor  of  ft  cm;  sr  I  '•0  4  cm:  sr  per  ptxell  Back¬ 
grounds  associated  with  penetrating  energetic  particles  were 
reduced  by  requiring  an  anticoincidence  with  the  back  plane 
The  spectrometer  was  oriented  in  a  forward  and  downward 
(35  below  horizontal!  direction  with  a  field  of  view  of  7 
along  track  bv  90  cross  track  The  field  of  view  was  divided 
into  16  cross-track  pixels  I  he  spatial  and  temporal  resolu¬ 
tions  were  —  M)  km  and  0  13  s,  respectively  Energy  spectra  of 
the  X  ravs  were  measured  over  34  channels  for  the  center  two 
pixels  (8  and  9i  and  over  eight  channels  for  each  of  the  re¬ 
maining  pixels  X  rav  mappings  were  acquired  on  a  worldwide 
basis  over  the  period  Mav  26  lo  Julv  2.  1982 

The  SEEP  pavlo.nl  also  contained  an  atrav  ol  silicon  solid- 
state  electron  spectrometers  oriented  al  various  angles  to  the 
local  vertical  and  covering  an  energy  range  of  3  looo  ke\ 
The  ccnlt.tl  zenith  angles  for  the  electron  spectrometers  were 
0  .  ID  .  <T|  90  .  and  180  I  he  corresponding  pitch  angles 

were  dependent  upon  the  location  of  the  spacecraft,  but  the 
coverage  generallv  extended  from  the  region  ol  trapping  well 
into  the  local  bounce  loss  cone  I  he  ,uvepl. trice  hall  angles 
and  geometric  factors  are  listed  in  fable  I  Iheenergv  spectra 
were  measured  with  16  to  356  channels  Several  were  cooled 
to  -  1 20  <  ’  to  improve  the  sensor  response  v  hat  acteristKs 
[I  oss  et  ,tl .  1982]  I  he  speclrometei  that  provided  the  data 
presented  here  was  oriented  al  a  zenith  angle  o|  no  ,m,(  had  a 
geometric  factor  of  0  I  7  cm '  sr 
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TABLE  1.  Electron  Spectrometers  in  SEEP  Payload 


Central 

Zenith 

Angle 

Acceptance 

Half  Angle 

Geometric 
Factor 
(cm1  sr) 

<r 

W 

o 

0 

2.47 

10“ 

20“ 

0.49 

50° 

20“ 

0.17 

90“ 

20” 

0.17 

180“ 

30” 

2.47 

Observations 

Examples  of  the  bremsstrahlung  X  ray  mappings  obtained 
with  the  SEEP  payload  have  been  shown  previously  [Calvert 
et  al.,  1985;  Foss  et  al.,  1983a,  6],  In  the  present  investigation 
the  X  ray  data  were  surveyed  for  the  occurrences  of  small 
isolated  patches  of  bremsstrahlung  X  ray  emission  at  high 
latitudes.  For  this  purpose  the  following  criteria  were  es¬ 
tablished:  (I)  the  maximum  X  ray  flux  from  the  central  region 
of  the  patch  must  exceed  200  cm"1  sr~‘  s'1,  (2)  the  patch 
must  be  completely  surrounded  by  an  intensity  close  to  the 
background  level,  and  (3)  the  patch  full  width  at  half  maxi¬ 
mum  in  any  direction  should  not  exceed  300  km.  A  total  of  29 
isolated  patches  were  noted  out  of  1022  high-latitude  cross¬ 
ings.  Examples  of  the  X  ray  patches  are  shown  in  Plates  la 
and  16.  Each  section  of  the  plates  represents  the  mapping 
observed  during  a  different  pass  of  the  spacecraft.  The  in¬ 
variant  latitudes  and  magnetic  local  times  (MLT)  are  at  the 


positions  of  the  satellite.  The  upgoing  X  rays  were  always 
observed  from  an  area  ahead  of  the  satellite,  and  one  of  the 
remote  sensing  pixels  viewed  the  X  ray  emitting  region  17-43  s 
earlier  than  the  in  situ  particle  measurements;  the  exact  time 
difference  depends  upon  the  magnetic  field  geometry  and  the 
altitude  difference  between  the  satellite  and  the  X  ray  pro¬ 
duction  region.  The  maps  of  Plate  I  represent  total  X  ray 
counting  rates  for  energies  of  >4  keV  except  during  June 
18-23,  1982,  when  the  gain  was  set  lower  and  the  energies 
were  >6  keV.  Eleven  of  the  29  isolated  patches  were  observed 
during  the  low-gain  period,  indicating  that  the  somewhat 
higher  threshold  energy  did  not  significantly  impact  the  selec¬ 
tion  criteria.  The  patches  were  generally  so  pronounced  above 
the  background  that  few  if  any  were  probably  lost  because  of 
the  higher  threshold  energy;  thus  inclusion  of  the  June  18-23 
data  should  not  have  altered  significantly  the  frequency  de¬ 
pendence  upon  local  time  or  upon  other  parameters  such  as 
geomagnetic  activity.  Two  of  the  illustrated  passes  (June  16 
and  June  26)  also  contain  an  elongated  patch  or  narrow  arc 
spanning  the  field  of  view  which  does  not  meet  the  criteria  for 
selection  of  small  patches. 

The  measured  X  ray  fluxes  and  energy  spectra  were  com¬ 
pared  with  those  calculated  by  Miller  and  Vondrak  [1985]  for 
various  auroral  forms.  These  comparisons  revealed  several  X 
ray  patches  with  spectral  shapes  over  the  energy  range 
~(4-10)  keV  that  were  comparable  to  certain  of  the  auroral 
forms,  and  in  those  cases  the  calculated  energy  deposition 
rates  of  Miller  and  Vondrak  were  assumed.  It  was  then  con¬ 
cluded  that  for  many  of  the  29  X  ray  patches  presented  here 


SMALL  ISOLATED  PATCHES  OF  X  RAYS  :  A  OBSERVED  IN  NORTH 
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Fig  I  Positions  in  invariant  latitude  and  magnetic  local  tune  of  the  isolated  patches  of  X  ray  emission 
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Imhof  ft  al  :  X  Ray  Images  of  Electron  Patches 
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Fig  2.  The  number  of  isolated  X  ray  patches  observed  in  each  of  eight  3-hour  intervals  in  MLT  plotted  for  events  at 
invariant  latitudes  of  2  70°  Also  shown  are  the  number  of  sample  passes  in  each  of  those  MLT  intervals  while  crossing  an 
invariant  latitude  of  72°  and  the  number  of  event  X  ray  spots  divided  by  the  number  of  samples  Error  bars  indicate  the 
statistical  uncertainties. 


the  energy  inputs  to  the  atmosphere  were  in  the  range  0  I- 10 
ergs  cm  ~ 1  s'1  with  several  being  near  1  erg  cm’s'1 

The  invariant  latitude  and  magnetic  local  time  (MLT)  of  the 
isolated  patches  are  summarized  in  Figure  I.  Clearly,  the  bulk 
of  the  patches  span  the  magnetic  local  time  interval  from  dusk 
to  dawn,  with  a  few  in  the  early  afternoon  hours.  The  X  ray 
patches  occurred  over  a  rather  broad  range  of  invariant  lati¬ 
tudes  from  65°  to  83°,  with  a  median  latitude  of  72  5°  The 
dusk  to  dawn  preference  spanned  all  latitudes,  but  at  the 
lower  latitudes  the  events  occurred  primarily  at  times  just 
before  midnight.  The  latter  effect  may  partly  reflect  the  lack  of 
variation  in  MLT  coverage  at  low  latitudes. 

In  order  to  study  the  occurrence  frequency  of  small  X  ray 
patches  as  a  function  of  MLT,  the  observations  were  subdi¬ 
vided  into  3-hour  MLT  intervals  The  occurrence  frequency  is 
plotted  in  Figure  2  for  those  occurring  at  invariant  latitudes 
above  70°  As  in  Figure  I  the  data  of  Figure  2  indicate  the 
occurrence  of  spots  over  a  broad  range  of  magnetic  local 
times,  with  patches  rarely  appearing  in  the  morning  hours  A 
more  quantitative  assessment  of  the  local  time  dependence  has 
been  made  by  correcting  for  the  nonuniform  sampling  of 
MLT  intervals.  The  number  of  patches  observed  in  each  of 
several  selected  MLT  intervals  was  divided  by  the  number  of 
observations  in  those  intervals  while  crossing  an  invariant  lati¬ 
tude  of  72°,  and  these  ratios  are  presented  in  Figure  2  The 
average  value  of  this  ratio  is  0.029,  Statistical  uncertainties  are 
indicated  in  the  plot. 

The  occurrence  frequency  of  small  isolated  X  ray  patches  is 
clearly  dependent  upon  local  time,  but  within  the  statistical 
uncertainties  there  may  be  no  significant  difference  from  dusk 
until  dawn.  The  patches  were  found  to  occur  less  often  at 
certain  geographic  longitudes,  but  that  is  equivalent  to  the 
MLT  variation  shown  in  Figure  2  when  account  is  taken  of 
the  satellite  orbit  Since  other  parameters  may  also  play  an 
important  role  in  the  occurrence  frequency,  the  MLT  values  of 
the  various  X  ray  spots  are  plotted  in  Figure  3  as  a  function  of 
day  in  June  1982  Within  the  limited  statistical  sample  the 
MLT  distribution  does  not  appear  to  vary  significantly  during 
the  time  period  covered,  including  June  18  23,  when  the  spec 
trometer  was  operated  with  a  lower  gain  It  appears,  however, 
that  small  X  ray  patches  occurred  more  often  at  certain  times 
than  others 


The  scarcity  of  X  ray  events  between  0600  and  1 200  M  LT  is 
consistent  with  the  findings  of  Brown  and  Slone  [1972]  for  the 
precipitation  of  2  425-keV  electrons  On  the  basis  of  observa¬ 
tions  of  sudden  enhancements  of  energetic  electrons  in  the 
magnetotail,  Meng  [1971]  found  that  for  higher-flux  levels  the 
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Imhof  ei  al.:  X  Rav  Images  of  Electron  Patches 
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Fig.  4.  The  number  of  X  ray  patches  at  an  invariant  latitude  of 
>70’  divided  by  the  number  of  satellite  crossings  with  X  ray  data 
acquisition  plotted  as  a  function  of  6-day  sums  of  the  Ap  index. 


occurrence  frequency  is  much  greater  on  the  dawnside.  How¬ 
ever,  when  the  energetic  electron  flux  threshold  was  selected 
just  above  the  background  level,  the  occurrence  frequency  of 
energetic  electrons  in  the  magnetotail  was  about  the  same 
from  the  duskside  to  the  dawnside.  In  the  present  patch  data 
the  fluxes  were  relatively  low,  and  therefore  comparisons  with 
Meng  should  involve  his  low-flux  threshold  data.  Under  these 
conditions  both  sets  of  measurements  are  consistent  with  no 
significant  variations  in  occurrence  frequency  from  dusk  until 
dawn. 

The  dependence  of  X  ray  patch  occurrence  upon  geomag¬ 
netic  activity  level  has  been  investigated.  For  this  purpose  the 
total  time  period  of  data  acquisition  in  June  1982  was  con¬ 
sidered.  A  6-day  summation  interval  was  selected  to  provide  a 
compromise  between  an  adequate  statistical  sampling  for  each 
point  and  a  reasonable  number  of  points.  For  each  of  these 
intervals  a  calculation  was  made  of  the  number  of  X  ray 


patches  observed  at  an  invariant  latitude  of  >70  divided  bv 
the  number  of  satellite  crossings  when  X  ray  data  were  ac¬ 
quired,  and  the  resultant  points  are  plotted  in  Figure  4  as  a 
function  of  the  6-day  sum  of  Ap.  Patches  were  observed 
during  both  quiet  and  disturbed  geomagnetic  conditions,  but 
they  tended  to  occur  more  often  at  times  of  high  Ip  Any 
dependences  on  list.  which  are  not  shown,  were  less  evident 

For  quantitative  studies  of  the  distribution  in  size  and  direc¬ 
tion  of  the  X  ray  patches,  contour  plots  were  generated,  and 
an  example  is  shown  in  Figure  5.  Corrections  have  been  made 
for  the  projected  dimensions,  but  in  consideration  of  the  low 
altitude  of  the  satellite  a  fiat  earth  has  been  assumed  This 
example  illustrates  the  contour  maps  obtained  both  for  an  X 
ray  patch  that  meets  the  foregoing  criteria  and  for  an  elongat¬ 
ed  region  of  emission  that  was  too  long  to  be  considered  a 
small  isolated  patch.  From  such  contour  maps  it  was  found 
that  the  patches  considered  here  typically  have  dimensions  of 
the  order  of  100-300  km  These  sizes  are  consistent  with  the 
direct  particle  measurements  of  McCoy  [1969]  which  indicate 
typical  widths  of  0.25'  to  2"  in  invariant  latitude  Similarly. 
Brown  and  Stone  [1972]  found  that  the  characteristic  widths 
of  the  spikes  are  a  few  tenths  of  a  degree  in  latitude.  McDiar- 
mid  and  Burrows  [1965]  reported  that  70”n  of  the  events  have 
latitude  widths  of  <2’. 

Isolated  narrow  regions  of  X  ray  emission  were  observed 
that  were  too  long  to  qualify  in  this  study  as  a  small  patch. 
Some  of  these  long  and  narrow  regions  were  observed  at  in¬ 
variant  latitudes  as  high  as  75'  and  were  therefore  poleward  of 
the  auroral  oval.  In  that  regard  they  might  be  called  polar  cap 
arcs  [e.g..  Gussenhoven.  1982:  Hardy  et  al..  1982],  but  the  elon 
gated  areas  were  typically  not  sun  aligned  as  are  polar  cap 
arcs,  although  there  was  some  tendency  for  elongation  in  this 
direction.  Also,  because  of  the  limited  spatial  coverage  of  the 
SEEP  X  ray  observations  they  may  not  be  very  long  and  may 
merely  be  modified  forms  of  X  ray  patches 

For  those  X  ray  spots  that  qualify  as  patches  under  the 
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Ftg  5  f  samples  of  the  contour  plots  for  an  isolated  '•mail  X  rav  patch  and  for  an  elongated  patch  Corrections  have 
been  made  for  the  projected  dimensions  with  a  Hat  earth  approximation  I  he  contours  are  labeled  by  the  logarithm  to  the 
base  10  of  the  counts  per  second  . 
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Fig  6.  Distributions  in  orientation  for  X  ray  patches  in  which  the  direction  of  greatest  elongation  to  the  length 

perpendicular  to  that  direction  was  1.5  or  greater. 
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present  criteria,  a  study  was  made  of  the  deviations  from  being 
circular.  The  ratios  of  the  length  in  the  direction  of  greatest 
elongation  to  the  length  perpendicular  to  that  direction  were 
found  to  range  between  1.1  and  3.7,  with  a  median  value  of 
1.75.  For  those  cases  where  the  latter  ratio  was  1.5  or  greater, 
the  direction  of  the  longest  dimension  was  considered  with 
respect  to  the  orientation  of  the  nearby  L  shell  contours,  the 
earth-sun  line,  and  the  east-west  direction.  There  was  no 
strongly  favored  orientation,  as  illustrated  in  Figure  6. 

Both  the  spectral  shapes  and  the  intensities  of  the  X  rays 
emitted  from  the  patches  spanned  a  broad  range.  Preliminary 
analyses  were  performed  for  the  spectra  from  4  kcV  to  8-18 
keV.  The  best  fit  e  fold  energies  associated  with  the  center 
pixels  were  found  to  range  from  1  keV  to  6  keV  with  no  clear 
dependence  upon  invariant  latitude,  local  time,  or  geomagnet¬ 
ic  activity. 

Electron  spectrometers  oriented  at  various  angles  to  the 
zenith  and  measuring  electrons  from  2  keV  to  KXX)  keV  were 
also  included  in  the  satellite  payload,  thus  enabling  one  to 
compare  the  intensities  and  energy  spectra  of  the  X  rays  with 
the  corresponding  parameters  for  the  precipitating  electrons. 
Since  the  X  rays  were  viewed  ahead  of  the  satellite,  at  high 
latitudes  the  intercomparisons  must  be  made  for  X  rays  mea¬ 
sured  at  earlier  times  than  the  electrons  The  comparisons  can, 
of  course,  only  be  performed  for  pixels  near  the  center,  and 
therefore  such  studies  must  be  limited  to  satellite  passes  in 
which  significant  fluxes  of  X  rays  were  observed  in  one  of 
these  pixels.  Representative  examples  of  the  electron  and  X 
ray  counting  rate  profiles  for  four  separate  satellite  passes,  all 
on  June  16,  are  shown  in  Figure  7  In  the  plot  arc  shown  the 
counting  rates  of  the  X  rays  observed  in  three  X  ray  pixels  and 
the  counting  rates  of  electrons  of  >6  keV  observed  in  the 
detector  at  90  zenith  angle.  The  appropriate  X  rav  pixel  was 
chosen  on  the  basis  of  the  inclination  and  declination  of  the 
magnetic  field  lines  and  is  plotted  as  a  solid  curve  X  ray  pixels 
adjacent  to  the  selected  one  are  also  shown  as  dashed  curves 
to  provide  some  indication  of  the  variations  in  time  profile 


associated  with  the  choice  of  pixel  number.  The  pixels  are 
numbered  I  16.  with  I  being  the  bottom  row  in  the  presenta¬ 
tions  of  Plate  1.  The  outputs  of  the  other  electron  detectors  at 
various  angles  were  examined,  but  in  many  of  the  cases  stud¬ 
ied,  this  did  not  lead  to  significantly  different  positions  of  the 
electron  patches.  In  two  of  the  passes  shown  in  Figure  7.  the 
electron  counting  rate  increased  so  rapidly  with  time  near  the 
heart  of  the  spike  that  the  output  was  blocked  and  the  curve  is 
therefore  discontinued.  The  edges  of  the  profiles  were  gener¬ 
ally  sharper  for  electrons  than  X  rays,  perhaps  because  the 
electrons  were  measured  only  at  the  position  of  the  satellite 
whereas  the  X  ray  observations  spanned  a  zone  of  -  30  km 
width  perpendicular  to  the  satellite  path  The  electron  and  X 
ray  plots  have  been  shifted  with  respect  to  each  other  by  times 
corresponding  to  the  expected  differences  between  the  two 
based  on  the  directions  of  the  magnetic  field  lines  and  the 
geometries  of  the  X  ray  viewing.  It  was  assumed  that  the  X 
ray  production  occurred  at  an  altitude  of  90  km  for  pro¬ 
duction  altitudes  of  100  km  and  80  km  the  corresponding 
changes  in  time  of  observation  were  +  2  s  Eor  the  third  and 
fourth  passes  in  Figure  7  the  time  profiles  of  the  X  rays  and 
electrons  are  in  good  agreement  with  each  other,  indicating  a 
time  stability  of  the  precipitation  patch  where  any  implied 
velocities  are  no  greater  than  —  2  km  s  The  correspondence 
between  the  X  ray  and  electron  patches  m  the  first  two  passes 
is  not  as  good,  but  within  the  experimental  uncertainties  the 
data  do  not  indicate  a  significant  movement 

From  the  29  patches  reported  here,  on  21  satellite  passes  a 
significant  flux  of  X  rays  was  observed  to  he  emanating  Iront 
pixels  near  the  base  of  the  satellite  path  1  he  X  rav  llux  versus 
time  profiles  on  these  passes  were  compared  with  the  direct 
electron  measurements  in  the  various  spectrometers  to  look 
for  significant  time  discrepancies,  and  the  conclusions  are 
summarized  in  Table  2  For  reference,  all  four  examples  m 
Figure  7  arc  in  category  2  This  investigation  has  indicated 
that  the  electron  precipitation  patches  seem  to  undergo  signdi 
cant  changes  on  a  time  scale  of  a  few  seconds  in  three  ol  the 
14  7- 
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Fig  7.  Counling  rates  of  X  rays  and  electrons  (at  a  central  zenith  angle  of  00  I  as  a  function  of  lime  during  four  passes 
of  the  S81-I  satellite  Arrows  indicate  which  time  scale  (on  the  top  or  bottoml  is  appropriate  The  electron  and  X  ray  plots 
have  been  shifted  with  respect  to  each  other  by  times  corresponding  to  the  expected  difference  between  the  two  based  on 
the  directions  of  the  magnetic  field  lines  and  the  geometries  of  the  X  ray  viewing  These  times  are  indicated 


cases.  It  is  possible  that  the  three  cases  with  inferred  velocities 
of  2-7  km/s  were  associated  with  the  westward  traveling  surge 
during  substorms.  One  of  these  events,  at  1911  UT  on  June  19. 
occurred  61  min  after  the  onset  of  a  substorm  according  to  the 
Boulder  Geomagnetic  Substorm  Log.  However,  the  X  ray 
patch  was  observed  at  a  longitude  about  170°  west  of  the 
localized  substorm  position,  and  therefore  the  association  with 
a  westward  traveling  surge  is  not  so  evident.  One  of  the  other 
events  with  inferred  movement,  at  0942  UT  on  June  14,  oc¬ 
curred  112  min  after  a  substorm.  On  the  day  of  the  third 
event,  which  occurred  at  2136  UT  on  June  18,  there  was  no 
distinct  substorm  activity.  With  this  limited  statistical  sample 
one  can  only  suggest  the  possible  association  with  westward 
traveling  surges  For  a  more  quantitative  appraisal  the  pitch 
angle  distributions  of  the  electrons  and  the  intensities  and 
energy  spectra  of  both  X  rays  and  electrons  should  be  con¬ 
sidered  in  detail  However,  the  spatial  and  temporal  patterns 
of  the  precipitation  might  best  be  studied  with  high-altitude 
observations  of  the  bremsstrahlung  X  rays  over  a  wide  held  of 
view 

For  understanding  the  source  mechanisms  it  is  important  to 
consider  whether  the  isolated  X  ray  patches  occur  simulta¬ 
neously  in  both  conjugate  regions  The  question  of  conjugacy 
was  investigated  by  considering  data  acquired  with  the  elec¬ 


tron  spectrometers  on  the  NOAA  6  and  NOAA  1  satellites, 
which  were  also  in  polar  orbits,  but  at  higher  altitudes  I  -  8  7(1 
km)  and  therefore  with  longer  orbital  periods  (1)  Evans,  per¬ 
sonal  communication.  1984)  Although  these  satellites  were  in 
different  local  time  planes  from  the  S8I-I  spacecraft,  at  high 

TABl.F.  2  Comparisons  of  X  Ray  and  Electron  t  his  Vctsus  lime 
Profiles 

Number 

Category  of  Cases  Observation 

1  8  X  ray  enhancements  onlv  at  positions 

where  the  responsible  electrons  could  noi 
be  measurer)  from  lhe  satellite 

2  111  Well-defined  spikes  in  X  rav  and 

electron  flux  prohles  at  runes  consistent 
wilh  each  other  or  with  implied  velocities 
of  -  7  km  s  or  less 

3  T  Well  defined  spikes  m  X  lav  and 

electron  flux  prohles  it  times  that 
suggest  movement  o(  the  precipitation 
patches  with  velocities  ol  7  ’  km  s 

4  8  Cor  responding  X  lav  and  electron  pilches 

not  evident  or  with  time  widths  that 
appear  to  be  inconsistent  with  each  other 
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latitudes,  measurements  were  sometimes  made  in  conjugate 
hemispheres  at  nearly  the  same  local  time,  invariant  latitude, 
and  universal  time.  On  five  of  the  29  X  ray  spot  observations 
the  NOAA  6  or  NOAA  7  spacecraft  was  within  a  few  minutes 
of  the  conjugate  region.  The  closest  case  of  nearly  simulta¬ 
neous  SEEP  electron  and  X  ray  data  with  conjugate  NOAA 
electron  measurements  was  at  2CXX)  to  2008  UT  on  June  16 
The  time  difference  was  about  8  min  In  that  case,  enhanced 
electron  fluxes  were  observed  from  NOAA  6  in  the  vicinity 
conjugate  to  the  X  ray  patch,  but  a  detailed  correspondence 
between  the  measurements  in  conjugate  hemispheres  was  not 
observed.  This  situation  may  reflect  either  a  true  lack  of  con- 
jugacy  or  merely  that  the  electron  precipitation  pattern 
changed  significantly  during  the  8  min  between  observations. 
The  latter  interpretation  seems  to  be  consistent  with  the  con¬ 
clusions  drawn  from  Table  2. 

Summary 

We  have  just  presented  several  important  characteristics  of 
small  isolated  patches  of  electron  precipitation  observed  at 
high  latitudes  with  X  ray  imagery.  Certain  features,  such  as 
the  dimensions  and  the  local  time  dependence,  are  reasonably 
well  defined,  but  clearly  a  larger  data  base  would  permit  a 
more  definitive  assessment  of  other  important  characteristics 
such  as  those  associated  with  the  occurrence  of  conjugacy  and 
the  dependence  upon  magnetic  activity.  The  overall  local  time 
characteristics  of  the  localized  precipitation  events  reported 
here  are  in  good  agreement  with  those  reported  by  Brown  and 
Stone  [1972]  for  their  type  2  electron  spikes.  For  spikes  of  this 
type  that  were  observed  at  the  trapping  boundary.  Brown  and 
Stone  found  a  tendency  to  occur  conjugately.  In  the  case  of 
the  small  X  ray  patches  reported  here  the  frequency  of  oc¬ 
currence  of  conjugacy  is  not  known,  because  of  the  relatively 
small  size  of  the  data  base  and  the  associated  lack  of  simulta¬ 
neous  measurements  with  particle  detectors  on  other  space¬ 
craft. 

The  electrons  responsible  for  the  X  ray  patches  must  be  of 
energies  above  4  keV  and  are  therefore  higher  in  energy  than 
those  primarily  associated  with  the  localized  polar  showers 
observed  by  Wmninqham  and  Heikkila  [1974],  The  latter  elec¬ 
trons  typically  have  energies  near  I  keV.  Likewise,  electrons  in 
the  plasma  clouds  or  plasmoids  suggested  by  Lemaire  [1977] 
and  Heikkila  [1982]  have  predominantly  energies  below  those 
corresponding  to  the  X  ray  patches.  However,  some  of  the 
patches  may  be  associated  with  localized  plasma  clouds  that 
extend  up  to  energies  of  a  few  keV. 

Small  auroral  patches  and  detached  arcs  at  3914  A  and 
5577A  and  at  latitudes  slightly  poleward  of  the  plasmapause 
and  equatorward  of  the  present  X  ray  patches  have  been  re¬ 
ported  by  Mnshupi  et  al.  [1979],  Above  these  optical  forms 
the  precipitation  of  particles  at  energies  up  to  210  keV  was 
observed  by  Walli.';  et  al  [1979],  and  it  was  found  that  the 
precipitating  electrons  carry  sufficient  energy  flux  to  account 
for  the  optical  forms  The  polar  cap  arcs  were  much  more 
extended  in  space  than  the  regions  of  electron  precipitation 
considered  here  and  corresponded  principally  to  lower-energv 
electrons  Furthermore,  both  the  patches  and  arcs  of  Moshupi 
et  al  [1979]  were  at  lower  latitudes  than  the  X  ray  patches 
presented  here  The  Moshupt  et  al  images  were  an  evening 
phemonenon  with  a  different  magnetic  time  dependence  than 
those  considered  here  However,  there  could  be  some  associ¬ 
ation  between  the  two  types  of  phenomena 

Comparisons  of  the  direct  electron  measurements  and  the  X 
ray  observations  from  the  same  satellite  have  shown  that  the 


small  isolated  patches  of  electron  precipitation  at  high  lati¬ 
tudes  may  undergo  significant  changes  in  position  on  time 
scales  of  the  order  of  a  few  seconds  This  dynamic  nature  of 
some  of  the  precipitation  patches  can  clearly  complicate  more- 
quantitative  attempts  both  to  study  conjugacy  and  to  com¬ 
pare  the  calculated  X  ray  spectra  and  intensities  with  measure¬ 
ments.  Recently,  Mi:era  et  al.  [1984]  observed  strong  polar 
cap  structures  in  X  rays  between  2  and  78  keV  in  the  northern 
hemisphere  that  were  not  observed  by  the  NOAA  6  and 
NOAA  7  satellites  while  crossing  the  south  pole  The  authors 
concluded  that  either  the  plasma  was  very  short  lived  or  the 
polar  cap  entry  of  plasma  occurred  only  on  northern  polar 
cap  field  lines.  However,  the  structures  presented  by  Mizera  et 
al.  [1984]  were  basically  on  a  much  larger  spatial  scale  than 
the  small  patches  under  consideration  here. 

An  investigation  has  been  made  of  the  possible  general  as¬ 
sociation  of  the  X  ray  patches  and  auroral  substorms  It  was 
found  that  out  of  the  29  X  ray  patches  observed,  five  occurred 
within  61  min  of  the  time  of  onset  of  a  substorm  as  listed  in 
the  Boulder  Geomagnetic  Substorm  Log.  One  additional 
patch  occurred  1 12  min  after  onset  of  the  substorm  When  the 
AE  index  is  available,  more  correlations  might  be  found,  but 
at  present  we  can  only  suggest  this  possibility. 

Clearly,  more  data  are  needed  to  achieve  a  good  quantita¬ 
tive  understanding  of  the  source  mechamsm(s)  associated  with 
the  small  X  ray  patches  The  X  ray  imagery  should  he  per¬ 
formed  over  a  much  wider  field  of  view  with  fine  spatial  reso¬ 
lution  Also  needed  is  a  large  body  of  data  for  comparison 
with  other  geophysical  parameters 

In  summary,  small  isolated  patches  of  brcmsstrahlung  X 
rays  with  typical  widths  of  '•200  km  have  been  observed  at 
high  latitudes  with  the  following  characteristics: 

1  The  occurrence  frequency  for  satellite  paths  crossing  an 
invariant  latitude  of  72  was  2  9%  averaged  over  all  MLT 

2  The  X  ray  patches  were  most  often  found  in  the  dusk  - 
to-dawn  sector,  but  some  were  observed  at  all  magnetic  local 
times  except  the  late  morning. 

3  The  locations  were  at  invariant  latitudes  ranging  from 
65'  to  83  ,  with  a  median  value  of  72.5 

4  Representative  electron  precipitation  fluxes  were  of  the 
order  of  I  erg  cm  ' 2  s " 1 . 

5  The  median  elongations  of  1.75  were  in  no  strongly 
preferred  direction 

6  Coordinated  electron  and  X  ray  measurements  indicat¬ 
ed  that  on  lime  scales  of  17-43  s  the  small  precipitation 
patches  sometimes  underwent  significant  changes  in  position 
or  area 

7  The  X  rav  energy  spectra  typically  displayed  e  fold  en¬ 
ergies  in  the  range  1  6  keV,  with  no  clear  dependence  on 
invariant  latitude.  MLT.  or  geomagnetic  activity. 

4r  know  ledanicnts  The  experiment  was  sponsored  by  the  t  lll’ice  of 
Naval  Research  (contract  NOOOM-T9-C-OX241  Appreciation  is  ex¬ 
tended  to  W  C  alvert  and  T  ('  Sanders  for  thetr  minor  contributions 
to  the  design  and  development  of  the  X  rav  imager,  to  I-  l-  (.lames 
for  his  major  role  in  development  of  the  particle  spectrometers,  to  the 
ONR  program  manager.  R  (i  Joiner,  to  the  payload  system  engineer. 
S  J  Battel,  to  J  B  Reagan  and  I)  P  (auflman  for  their  program 
management  of  the  sa'cllitc  payload  development,  and  to  J  ('  Bakfe 
for  his  significant  role  in  Ihe  pre-launch  operations  of  ihe  X  ray  spei 
Irometer 

Ihe  Editor  thanks  C-l  Meng  antf  another  referee  for  their  assist 
ance  in  evaluating  this  paper 

Rl  1 1  REM  ES 

Anderson  K  A.  Energetic  electron  fluxes  m  the  tail  of  the  geomag¬ 
netic  field,  ./  (r'eopfiiv  Rex,  ~rl.  4741 1 .  I'tps 

51  - 


Imhof  et  al X  Rav  Images  of  Electoon  Patches 


Brown.  J  W.,  and  E  C  Slone.  High-energy  electron  spikes  a<  high 
lamudes.  J  Geophys.  Res .  77,  3384,  1972. 

Calvert.  W,  H  D  Voss,  and  T  C  Sanders,  A  satellite  imager  for 
atmospheric  X-rays.  IEEE  Trans  Nucl  Sci ,  NS-32,  1 12,  1985. 

Gussenhoven.  M  S  .  Extremely  high  latitude  auroras,  J.  Geophys. 
Res .  87,  2401.  1982 

Gussenhoven.  M  S.  D  A.  Hardy.  N  Heinemann.  and  R.  K.  Burk- 
hardt.  Morphology  of  the  polar  ram,  J  Geophys.  Res.,  89.  9785, 
1984 

Hardy.  D  A  .  intense  duxes  of  low-energy  electrons  at  geomagnetic 
latitudes  above  85c,  J.  Geophys.  Res.,  89.  3883,  1984. 

Hardy.  D  A..  W  J  Burke,  and  M  S.  Gussenhoven,  DMSP  optical 
and  electron  measurements  in  the  vicinity  of  polar  cap  arcs,  J. 
Geophys.  Res  .  87.  2413.  1982 

Hetkkila.  W  J.,  Impulsive  plasma  transport  through  the  mag¬ 
netopause,  Geophys.  Res  Lett.,  9,  159,  1982. 

Hoffman.  R  A  .  and  D  S  Evans,  Field-aligned  electron  bursts  at  high 
latitudes  observed  by  OGO  4.  J.  Geophys  Res..  73,  6201,  1968. 

Hones,  E  W„  Jr..  D  N  Baker,  S  J.  Bame,  W  C  Feldman,  J.  T. 
Gosling,  D  J  McComas,  R  D  Zwickl.  J  A.  Siavin,  E.  J.  Smith, 
and  B  T  Tsurutani.  Structure  of  the  magnetotail  at  220  R ,  and  its 
response  to  geomagentic  activity,  Geophys  Res.  Lett.,  II,  5,  1984. 

Imhof,  W  L..  H  D.  Voss.  J  B  Reagan.  D.  W.  Datlowe,  and  J. 
Mobilia.  Localized  electron  precipitation  events  at  high  latitudes 
studied  with  X-ray  imagery  from  a  satellite,  paper  presented  at 
COSPAR  XXV,  Graz,  Austria,  July.  1984. 

Keath.  E.  P..  E.  C  Roelof,  C.  O  Bostrom.  and  D  J  Williams,  Fluxes 
of  >50-keV  protons  and  £  30-keV  electrons  at  ~35  Rt,  2.  Mor- 
phologv  and  flow  patterns  in  the  magnetotail.  J.  Geophys.  Res.,  81, 
2315.1976. 

Lemaire.  J,  Impulsive  penetration  of  filamentary  plasma  elements 
into  the  magnetospheres  of  the  earth  and  Jupiter,  Planet  Space  Sci., 
26.  887,  1977 

McCoy.  J  E ,  High-latitude  ionization  spikes  observed  by  the  POGO 
ion  chamber  experiment,  J.  Geophys.  Res.,  74,  2309.  1969 

McDiarmid.  I  B ,  and  J  R  Burrows,  Electron  fluxes  at  1000  kilome¬ 
ters  associated  with  the  tail  of  the  magnetosphere,  J.  Geophys.  Res., 
70,  3031,  1965. 

Meng  C.-I.,  Energetic  electrons  in  the  magnetotail  at  60  Rt,  J.  Geo¬ 
phys.  Res.,  76,  862,  1971 


Meng,  C.-I .  and  K.  A  Anderson,  Energetic  electrons  in  the  plasma 
sheet  out  to  40  Rt.J.  Geophys  Res.  76.873,  1971 
Miller,  K.  L..  and  R.  R.  Vondrak,  A  high-latilude  phenomenological 
model  of  auroral  precipitation  and  ionospheric  effects.  Radio  Sn . 
20,  431,  1985 

Mizera,  P  F„  D  J  Gomey,  and  J  L  Roeder,  Auroral  X-rm  imiges 
from  DMSP-F6,  Geophys  Res  Leu..  II.  255.  1984 
Moshupi.  M.  C.,  C.  D.  Anger.  J  S.  Murphrec.  I>  I)  U.illis  J  H 
Whiltcker,  and  L.  H.  Brace.  Characteristics  iff  trough  region  auro¬ 
ral  patches  and  detached  arcs  observed  by  ISIS  2,  J  Geophys  Res. 
84.  1333,  1979. 

Roelof.  E.  C.,  E.  P.  Keath,  C  O  Bostrom,  and  D  J  Williams,  Fluxes 
of  ^50-keV  protons  and  a  30-keV  electrons  at  ~  35  Rf.  I  Velocity 
anisotropies  and  plasma  flow  in  the  magnetotail,  J  Geophys  Res. 
81.  2304.  1976 

Voss,  H.  D.,  J  B.  Reagan,  W  L  Imhof.  D  O  Murray.  D  A  Simpson. 
D.  P.  Cauffman.  and  J.  C  Bakkc,  Low  temperature  characteristic? 
of  solid  state  detectors  for  energetic  X-ray.  ion  and  electron  spec¬ 
trometers,  IEEE  Trans.  Nucl  Sci.,  NS-29,  164.  1982 
Voss.  H  D.,  W  L.  Imhof,  J  B  Reagan,  R  R  Vondrak.  M  Walt.  J 
Mobilia,  D.  W.  Datlowe,  D  P  Cauffman.  W  Calvert,  and  R  G 
Joiner,  SEEP  X-ray  imagery  of  the  earth  s  aurora,  Eos  Trans  AGU. 
64,  792,  1983a. 

Voss,  H.  D..  et  al.,  Eos  Trans.  AGU,  64,  cover.  955,  19836 
Wallis,  D  D.,  J.  R  Burrows.  M  C.  Moshupi,  C  D  Anger,  and  J  S 
Murphree.  Observations  of  particles  precipitating  into  detached 
arcs  and  patches  equatorward  of  the  auroral  oval.  J  Geophys.  Res , 
84,  1347.  1979 

Winningham.  J.  D.,  and  W.  J.  Heikkila.  Polar  cap  auroral  electron 
fluxes  observed  with  ISIS  I.  J.  Geophys.  Res..  79,  949,  1974 

D.  W.  Datlowe,  W  L.  Imhof,  J.  Mobilia.  and  H  D  Voss.  Lockheed 
Palo  Alto  Research  Laboratory,  3251  Hanover  Street.  Palo  Alto,  CA 
94304. 


{Received  January  22.  1985, 
revised  March  21.  1985; 
accepted  March  21,  1985.) 


-152- 


JOURNAL  Ol  GEOPHYSICAL  RESEARCH.  VOI.  90.  NO  A9.  PAGES  KJ  11  ««?.  SEPTEMIII  R  I  |9K<i 


Multiple  Peaks  in  the  Spectrum  of  Inner  Belt  Electrons 

D.  W.  D.ai i  owr..  VV.  L.  Immoi  .  G.  li.  Gxinis.  \no  H.  I),  Voss 

l.ot  klu'cil  Pitlo  Alio  Ilf  \t  tin  It  1  tihoi utoi it  i  (  iiliftti  urn 

We  report  on  a  systematic  study  rtf  encteette  election  speetia  in  the  innei  mueiiclosphs-te  I  lie 
observations  were  marie  liom  the  lore -altitude  satellite  SKI-1  diinne  the  petiod  Inne-Nor enihei  Ids’ 

I  he  electron  spectrometers  covered  the  energy  ranee  f>  keV  t «<  I  MeV  In  most  eeoeiaphic  mens  the 
electron  energy  spectra  are  smooth,  hut  In  the  region  rtf  the  Smith  Atlantic  \nomah  the  speetia  often 
consist  ola  series  ot  hroarl  pettks  I  he  number  of  peaks  is  ty picallv  t  hi  ee .  Hi  n  mar  he  as  main  aseielit. 
or  in  some  cases  there  nun  he  none  I  he  pcak-to-t  alien  ratios  aie  olten  an  ordei  ol  macntftidc  ot  nioie 
Peaks  In  the  spectra  ol  electrons  from  I  (Ml  keV  tit  tihore  I  MeV  at  higher  altitudes  hare  hcvn  lepoited 
earlier  in  conjunction  rnth  geomagnetic  storms  At  the  250-km  nominal  altitude  of  the  SKI-1 
observations,  peaks  in  the  energetic  electron  spectra  are  observed  on  most  days  and  at  all  lerels  ol 
geomagnetic  activity 


Ini  roihjc  i  ion 

Eleclron  energy  spectra  observed  in  the  Sotilh  Atlantic 
Anomaly  region  by  low-altitude  satellites  have  been  reported 
to  exhibit  strong  peaks.  T  he  first  report  of  a  single  peak  in 
the  electron  spectrum  at  15  MeV  came  from  I9h3  observa¬ 
tions  llmhof  and  Smith.  1966).  for  which  a  detailed  model  of 
acceleration  by  drift  loss  resonance  was  developed  \Clndii. 
I966|.  Additional  observations  of  single  and  double  peaks  tn 
the  electron  spcclrtim  below  1  MeV  were  made  in  1972 
\lmhof  ct  al  .  I973|  In  1979  the  satellite  P7R-I  observed 
double,  and  rarely,  multiple,  peaks  in  the  spectrum  from  6 H 
keV  to  12  MeV  \hnlmf  ft  til  l9Klu|  All  of  these  observa¬ 
tions  w  ere  made  in  the  region  of  the  South  Atlantic  Anomaly 
at  altitudes  of  800  km  and  below 

We  report  here  on  detailed  observations  of  the  electron 
spectrum  observed  h\  the  SKI-1  satellite .  which  was  also 
part  of  the  Stimulated  Emission  of  Energetic  Pm  tides 
(SEEP)  experiment  I  hese  measurements  were  made  in  the 
South  Atlantic  Anomaly  region  Irom  /.  -  12  to  2d  \ 
unique  feature  ol  this  satellite  is  the  low  altitude,  a  nominal 
height  of  2dl  km  lor  the  data  we  present  here.  I  he  observa¬ 
tions  were  made  thioughout  the  time  span  from  June  to 
December  I9K2 

In  this  region  the  observed  spectrum  was  ly  picallv  a  senes 
of  peaks,  with  peak  to-vallev  ratios  of  an  order  of  magni¬ 
tude.  We  report  here,  for  the  fust  time,  on  the  basts  of 
several  hundred  passes  that  a  series  of  peaks  tn  the  spectrum 
was  normally  observed  in  this  region,  and  that  a  smooth 
exponential  spectrum  was  rare  I  he  multiplicity  ,  or  number 
of  peaks  m  the  spectrum,  was  typically  three,  although  as 
main  as  eight  have  been  seen.  I  his  multiplicity  is  much 
greater  than  previously  reported  "  have  also  investigated 
how  the  enerev  of  the  peaks  varie  h  /  and  longitude  ol 
the  ohserv ations 
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|NSI  KOMI  N  t  V  I  II  IN 

I  hese  observations  were  made  by  energetic  election  de¬ 
tectors  in  the  SKI-1  payload  The  data  were  taken  over  a  h- 
month  span  from  June  through  December  I9K2.  I  he  orbital 
inclination  was  97.7'.  which  is  a  sun  synchronous  polar 
orbit  Most  of  these  observations  were  made  at  tin  altitude  of 
about  2dl  km. 

The  payload  carried  an  array  of  instrumentation,  but  the 
measurements  reported  here  were  made  bv  thtee  solid-state 
electron  spectrometers,  in  the  range  h-1000  keV  | liiilmt  ct 
al..  l9Ri<i|  I  he  detectors  were  passively  cooled  to  achieve 
high  resolution.  Other  characteristics  are  summarized  in 
Table  I 

The  satellite  was  three-axis  stabilized,  and  the  detectors 
were  arranged  so  that  one  (MED  looked  upward  away  from 
the  earth  and  the  second  (ME2l  looked  downward  toward 
the  earth  I  he  third  detector  (  I  El  was  mounted  perpendicu¬ 
lar  to  the  others,  with  its  axis  appioximalelv  along  the  E-W 
horizontal  dnection  In  most  cases  the  central  axis  ol  the  I  E 
detector  looked  at  90  local  pilch  angle,  while  the  pitch  angle 
of  the  M El  (  \1  EJi  v arted  Irom  0  I IKO  t  til  the  magnetic  poles 
to  90  at  the  magnetic  equator  I  or  most  of  the  data 
presented  lictc  the  II  dclcctoi  mcasitied  locallv  mitioimg 
particles  the  Ml:  I  anil  \ll:2  mcasitied  ptimartly  trapped 
electrons  mirroring  somewhat  below  the  satellite,  but  also 
recorded  precipitating  and  backscaltet ed  elections  \t  these 
low  altitudes  the  obset  veil  llttxes  ate  not  let  It  out  the  1 00-  km 
atmospheric  absorbing  lavct  so  that  local  pitch  angles  neat 
90'  correspond  to  equatorial  pitch  angles  within  a  lew 
degrees  of  the  loss  cone  In  addition,  obset  rations  m  the 
South  Atlantic  Anomalv  ate  made  whete  the  dtilt  shells 
come  closest  to  the  I0<|. km  level  llictcloie  we  asstime  that 
electrons  w  Inch  do  not  pi  ei  ipit.it  e  lictc  will  not  pi  ectpilal  e  at 
other  longitudes  and  an  iIiiIiiiil'  uiound  the  caith  with 
petiods  in  tin-  i.uiee  ol  I  in  t  lioius 

Some  i  ooidin.it  ed  obsei  i  ations  hm  K  en  made  with  one 
ol  the  election  spei  limncl  i  i  s  on  tile  I’  K  I  satellite  Mils 
instillment  uses  a  to-mi  K  mpv’  iliuc  solid  st.ae  detCitoi 
i  o  i .  '  me  the  line.  t'K  1  I  'o  MX  I  lu  .1.  lo  ini  i  -  on  t  be 
spinnim.'  i  .  Hon  ol  du  in  lltli  ol-l  iimne  a  piu  li  mele 

dl  si  1  lb' it  n 'll  '  I.  h  I'll)  )  ill  o'l-ll  IS  d  o  III!  -  \  111  III  oilolts 
t'  ■'  a  t '  ’  I '  ,|l  in  d!il"d-  d  i|'|’ioai|i  il  I'.  Mill  kill  It  bcC.U1 
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Hecause  of  (he  high  orhil  inclination  (he  S8 1  - 1  passed  over 
mosl  areas  of  the  earth  twice  per  dnv  We  restrict  this 
discussion  to  spectra  observed  in  the  general  region  of  the 
South  Atlantic  Anomaly,  but  more  specilicallv  in  the  longi¬ 
tude  range  lOO’-lfttl'F.  and  at  small  /.  values  and  southern 
latitudes  Figure  I  illustrates  the  basic  characteristics  of 
these  spectra.  I  he  upper  set  ol  points  comes  from  the  IF 
detector,  while  the  lower  group  shows  both  the  MFI  and 
ME2  points,  which  overlap.  The  electron  spectra  have  a 
series  of  peaks  at  SO  keV.  22(1  kcV.  270  keV.  1X0  keV.  550 
keV.  and  060  keV  The  spectra  of  electrons  mirroring  at  the 
altitude  of  the  satellite  (TEl  have  maxima  which  arc  an  order 
of  magnitude  more  intense  than  the  neighboring  minima,  and 
the  electrons  mirroring  below  the  satellite  have  slightly  less 
prominent  peaks. 

The  range  of  L  values  over  which  the  peak  structures  were 


observed  in  the  anomalv  is  1.2  to  2  o  I  iciue  2  etves  a 
sampling  ol  spectra  m  Ibis  lange  lor  the  same  pass  ihioueh 
the  region  In  this  ligmc.  onlv  the  detector  looking  at  on 
local  pitch  angle  is  shown,  to  simplilv  the  presentation  It  is 
clear  from  the  lictire  that  peaks  can  be  cortclnlcd  Irom  one 
spectrum  to  the  next  and  that  the  eneigv  ol  a  given  peak 
increases  with  decreasing  / 

I  he  dependence  of  the  energies  ol  the  peaks  on  /  is  besi 
displayed  bv  a  color-coded  displav  In  Plate  I  the  peaks  are 
blue,  and  the  vallcvs  take  on  the  background  color  I  he 
vertical  scale  represents  energv  from  6  kcV  to  I  Me\  .  and 
the  horizontal  scale  is  Imcat  in  time  Tacit  spccliitm  is  an 
X-s  average,  and  the  total  time  covered  is  2'  mm  On  the  lell 
side  the  satellite  is  over  the  south  polar  cap.  a  i  eg  ion  ol  vei  v 
soft  spectra.  I  he  vehicle  moves  into  the  outer  belt,  a  region 
of  hard  spectra,  with  counts  being  recorded  over  the  entire 
energy  range.  The  satellite  proceeds  norlhwaid  through  the 
slot  region  and  into  the  South  Atlantic  Anomalv  In  this 
region  the  spectrum  is  seen  to  split  into  six  branches,  with 
the  separation  of  the  peaks  increasing  wuh  decreasing  / 
f  igure  I  shows  a  vertical  cut  thiough  this  displav  at  / 
1.31.  nearly  the  northernmost  limit  ol  the  peaked  spectra  At 
I.  =  1.20  the  electron  intensitv  drops  sharply .  and  equator- 
ward.  onlv  detector  background  is  observed. 

On  a  typical  observing  day.  peaks  of  this  tvpe  were 
observed  at  /.  =  1.2  over  the  longitude  range  2~II-145  F 
Plate  2  shows  the  four  passes  through  that  region  on  October 
IX.  19X2  The  passes  are  sequenced  from  west  to  east,  which 
is  the  direction  of  drift  of  the  energetic  electrons,  but  i he 
time  order  of  the  observ  nitons  runs  from  latest  to  earliest  At 
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Examples  of  spectra  which  show  the  interplay  between  the  csclotron  tCMinaiKc  lov-  re. 4  .mu!  *he  multiple 
peaks  f  Topi  November  22.  1982.  at  4*000  s  1 1  f  ( Hottorm  No\  ember  2  I  lJlo  .it  ‘O'nt  s.  I  I 
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Fig  4  Illustration  of  ihe  persistence  of  peaks  from  dav  lo  day 
Spectra  from  Ihe  S8I-I  satellite  were  taken  each  day  at  /.  =  I  2d 
The  observing  times  (all  in  1982)  were  November  I  at  02’6  tlongi 
tude  300°).  November  2  at  0217  (longitude  304').  November  3  at  0200 
(longitude  308").  and  November  4  at  0141  (longitude  312  ) 


not  evenly  spaced.  In  addition.  Plate  2  shows  that  at  other 
longitudes  the  spacing  between  the  peaks  may  be  irregular. 
We  have  not  found  any  simple  relationship  between  the 
energies  of  the  individual  peaks. 

The  general  characteristics  of  the  peaks  observed  at  one 
location  may  be  preserved  from  day  to  day.  Individual  peaks 
increase  or  decrease  in  intensity  in  relation  to  others,  but  the 
energies  change  slowly.  Figure  4  shows  electron  spectra 
observed  on  three  successive  days  in  as  nearly  as  possible 
the  same  location.  The  peak  at  180  keV  becomes  more 
prominent  with  time,  while  the  peaks  at  350  and  530  keV 
fade  out. 

In  the  region  of  /.  =  1.6-2  0.  narrow  peaks  which  vary 
rapidly  with  /.  have  been  observed  previously  | lmh,>l  ri  <il 
1973:  Vttmpola  nml  Kink  1978.  Inilinf Cl  til  |98t,/.  h | 
These  peaks  have  been  shown  to  be  due  lo  pitch  ancle 
scattering  by  cyclotron  resonance  interactions  with  mono 
chromatic  VI. F  waves  from  ground  based  transmitters  |/m- 


hul  <i  ill  .  |9KI/i|  Vet  \  naiiow  peaks  ol  this  tvpe  were 
observed  204  limes  bv  SHI-I  in  six  months  ol  observations 
Plate  3  shows  the  two  tvpes  ol  peaks  occurring  in  a  sincle 
region  I  he  illustration  is  in  ihe  same  formal  as  Plate  I  I  he 
top  panel  shows  data  from  November  22  at  1325  l'I  .  and 
the  bottom  panel  shows  data  from  November  21  at  021' 
UT.  The  sharply  rising  structure  near  /  I  67  is  a  peak  in 
the  electron  spectrum  w  it h  a  variation  in  /  w  hich  is  the  same 
as  Ihe  /.  variation  of  Ihe  energy  for  cvclotron  resonance  at 
the  equator.  All  of  the  electrons  in  the  peak  which  vary 
rapidly  with  /.  can  be  accounted  for  as  pitch  angle  scattering 
from  a  single  frequency  source 

I  he  significant  feature  of  this  figure  is  that  there  appears 
to  be  an  interplay  between  the  two  tv  pes  of  peak  structures 
In  Ihe  top  panel,  note  that  the  rapidly  varying  structure  is 
intensified  as  it  crosses  the  energies  of  the  slowly  varying 
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Fig  Fi  Resolving  the  spectrum  into  peaks  and  an  tmdcrlvine  hackginund  1  he  hcavv  solid  curve  icptcscnls  I  lie 
function  4c  ' with  6,i  =  200  keV  1  he  data  are  from  November ’4  10X2.  al  4003  s  F  1  .  /  I  ?X  and  I  he  longitude 
was  3 1 7” F 


peaks.  In  the  bottom  panel  there  are  intensifications  of  the 
rapidly  varying  peak  which  arc  al  the  presumed  locations  of 
slowly  varying  peaks  which  are  so  weak  its  to  he  below  the 
threshold  for  detection  by  this  instrumentation. 

I  I  Ml  VaKIAIIONS  IN  till  Sl’l  (  I  R  VI  I’l  VKS 

Since  multiple  peaks  are  a  regular  feature  of  the  electron 
energy  spectrum  in  the  South  Atlantic  Anomaly,  we  can 
study  their  time  variations.  To  remove  spatial  variations, 
we  have  selected  the  one  nighttime  pass  per  day  in  which 
the  satellite  ground  track  came  closest  to  a  fixed  point  on 
the  earth.  The  reference  point  was  at  305'’  longitude  and  at 
an  l.  value  of  1 .30.  with  the  observations  spanning  a  range  of 
r-f-IO’  in  longitude.  Data  coverage  was  obtained  for  160  of 
the  176  days  from  June  13  to  December  5.  10X2 

For  each  pass,  electron  energy  spectra  up  to  500  keV  were 
accumulated  for  30.72  s  and  plotted.  Peaks  in  the  plotted 
spectra  were  visually  identified .  and  the  energies  measuted 
Figure  5  summarizes  the  results  I  he  top  panel  shows  the 
number  of  peaks  observed  on  each  of  the  160  davs  !  he 
energy  range  was  50-500  keV.  and  peaks  above  5(H)  keV 
were  not  counted  The  distribution  has  a  maximum  al  thice 
We  observed  that  there  wcic  no  peaks  in  seven  cases  anti  m 
three  cases,  six  or  more  were  observed  I  he  bottom  panel  ot 
Figure  8  shows  the  distribution  of  the  energies  of  the  440 
peaks,  plotted  in  bins  S||  keV  wide  I  he  ranee  |MI_2nn  keV 
has  the  most  (72l.  and  the  niciiitence  diops  tapidlv  with 
mcieastne  energy  above  that  enctev 

to  separate  the  llux  in  the  peaks  Irom  the  Mux  in  the 
smooth  background,  a  best  fit  exponential  was  loom!  lor  ibe 


total  (lux  in  the  eneigy  tango  100-500  keV  I  he  lilting 
procedure  yields  two  parameters,  a  characteristic  energy  /■.„ 
and  the  total  flux  over  the  energy  range.  I  he  trend  line  was 
then  lowered  to  intersect,  as  accurately  as  possible,  the  llux 
in  the  spaces  between  the  peaks  I  he  dillcience  between  the 
exponential  and  the  observed  spectrum  gives  a  measure  of 
the  component  of  the  llux  in  peaks 

Figure  6  illustrates  how  we  have  made  quantitative  esti¬ 
mates  of  the  flux  Unlike  pluvious  ilhistialions.  this  ligiue 
uses  a  linear  flux  settle.  I  he  sol  id  curve  shows  the  best 
estimate  ol  the  background  spectrum  between  100  and  500 
keV  I  he  flux  above  this  curve  represents  the  llux  attributed 
to  the  peaks  1  he  appropriate  trend  line  could  be  determined 
for  125  of  the  160  dav  s.  I  he  result  is  a  time  series  ol  the  llux 
in  the  peaks  on  a  daily  basts  over  the  observing  period. 

Figure  7  show  s  the  Mu  x  of  electrons  in  the  peaks  at  /  13 

as  a  function  of  time:  each  data  point  is  equivalent  to  the  area 
above  the  background  in  a  plot  like  I  iguie  6  for  compari¬ 
son.  Du  ts  also  plotted  Most  of  the  six  large  changes  in  IUi 
can  be  matched  to  an  increase  in  the  ai ea  under  the  peaks,  as 
for  example  on  davs  Ids  and  252.  Howcvci.  the  llux  in  the 
peaks  mav  also  be  huge  at  limes  when  geomagnetic  activitv 
is  relatively  low.  as  on  dav  306  For  this  teason  tltcie  is  no 
simple  association  between  geomagnetic  slot  ms  and  the  llux 
in  the  peaks 

Significant  peaks  m  the  election  speetmm  lioin  Km  to  Mil! 
keV  ate  observed  al  limes  ol  Inch  geomagnetic  aitivilv.  a 
point  which  has  been  noted  bv  eailtei  pnpcis  We  have 
shown  tide,  on  the  basis  ol  a  svsiemalic  smvev  ol  all  ol  the 
5X1-1  coveiage.  that  steniluanl  peaks  aie  also  seen  dining 
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Fig.  7.  The  lime  series  of  the  flux  in  the  peaks  at  /.  =  I..M  for  the  data  set.  with  the  linear  flux  scale  men  at  Ihe  left. 
Also  plotted  along  the  bottom  is  the  Du  for  the  same  time  period,  with  the  scale  on  Ihe  righl  axis 


geomagnetically  quiet  times  and  in  fact  on  most  days  when 
observing  in  the  South  Atlantic  Anomaly  at  an  altitude  of  250 
km.  Therefore  large  geomagnetic  storms  are  not  the  primary 
origin  of  this  phenomenon. 


Discussion 


One  model  for  the  formation  of  these  peaks  is  the  drift  loss 
resonance  model  of  Cliulis  (I966|.  I  he  time  for  these  ob¬ 
served  electrons  to  drift  once  around  the  earth,  because  of 
magnetic  field  curvature  and  gradients,  is  in  the  range  of  I  to 
3  hours.  If  there  are  changes  in  the  equatorial  current,  as 
seen  in  the  terrestrial  surface  field  at  low  latitude,  which  tire 
resonant  with  these  drift  periods,  acceleration  is  expected. 
The  resulting  energy  redistribution  might  produce  these 
peaks.  Agreement  between  the  peaks  observed  by  the  P78-I 
satellite  in  the  range  /.  =  1 .2-1 .4  and  the  power  spectrum  of 
the  low-latitude  field  according  to  the  predictions  of  this 
model  were  reported  by  Imho]  ei  til.  |I98I<i|. 

In  the  second  panel  from  the  top  of  Figure  4  we  have 
plotted  the  calculated  drift  period  for  an  electron  with  an 
energy  equal  to  each  of  the  peaks  in  Plate  I  as  a  function  of 
L.  The  magnetic  field  and  electron  angular  drift  rate  were 
calculated  using  (he  model  of  Olson  ami  Pfit:rr  [I974|  and 
scaled  to  the  observed  electron  energy.  I  he  drift  period  was 
taken  to  be  2 n divided  by  the  angular  drift  rate:  no  longitude 
variations  or  accelerations  were  taken  into  account 

I  he  result  in  the  second  panel  of  Figure  4  is  that  the  period 
has  a  variation  of  about  5rf  over  the  range  /  --  1.2-1  b.  I  his 
is  not  a  constant  hut  is  much  smaller  than  the  variation  of 
peak  energy  with  I.  In  the  other  cases  we  have  examined, 
the  drift  period  deviates  from  a  constant  value  bv  about  this 
magnitude  I  he  variations  in  drift  rate  tire  comparable  to  the 


P78-I  observations  of  Imlio]  el  at.  1 198 1«|  ox  er  the  range  1.  = 
1.2-1. 5. 

A  serious  problem  for  this  model  is  the  very  small  energy 
gain  per  circuit  of  the  earth,  which  coupled  with  the  long 
drift  periods  gives  long  acceleration  times.  Ihe  driving 
fluctuations  in  the  equatorial  current  are  required  to  main¬ 
tain  coherence  over  many  cycles  for  this  mechanism  to  be 
effective.  Williams  and  I  rank  |I984|  have  considered  this 
same  process  for  the  acceleration  of  medium  energy  ions 
observed  by  ISEE  I  I  hey  rejected  the  process  on  the 
grounds  that  it  is  too  slow,  in  their  case  because  the 
acceleration  time  is  long  in  comparison  to  the  loss  ol  ions  by 
charge  exchange. 

Ihe  S8I-I  satellite,  with  a  nominal  altitude  of  2M)  km. 
observed  electron  spectral  peaks  at  the  magnetic  minimum, 
which  is  the  minimum  altitude  for  electrons  at  a  given  drill 
shell  value  and  equatorial  pitch  tingle.  Satellites  observing  tit 
higher  altitude  should  intersect  these  peaks  at  the  same  drill 
shell  and  equatorial  pitch  angle  at  other  longitudes  around 
the  world.  A  crucial  test  for  this  model  is  the  longitude 
distribution  of  this  tv  pc  ol  peak  at  other  altitudes.  A  compre¬ 
hensive  survey  of  this  tvpe  is  under  way  using  data  from  the 
600-km  orbit  of  the  P78-I  satellite 
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1.  A  series  of  broad  peaks  is  a  prominent  feature  of  the 
spectrum  of  energetic  electrons  near  the  edge  ol  the  loss 
cone  in  the  region  of  the  South  Atlantic  \nomalv  I  he 
gcogtaphic  location  vvhcie  we  have  ohxcivcd  this  phenome¬ 
non  is  in  the  longitude  range  27(1  -tntl  .  at  /  lioin  1.2  to  2  If 
and  at  a  nominal  altitude  of  250  km 

2.  Ihe  number  of  peaks  in  the  eneigv  i.mge  'll  kcV  to 
161- 
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300  keV  may  be  as  many  as  six.  although  on  a  few  occasions 
we  have  observed  that  there  were  none.  In  some  cases, 
peaks  up  to  I  MeV  have  been  observed. 

.V  The  prediction  of  constant  drift  period  agrees  approxi¬ 
mately  but  not  in  detail  with  the  observations. 
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An  investigation  has  been  made  of  electron  and  associated  ion  precipitation  spikes  near  the  plasma- 
pause  that  are  narrow  in  L  shell  and  in  which  relativistic  electrons  are  favored  The  electron  energy 
spectra  during  the  spikes  sometimes  had  equivalent  e  fold  energies  in  excess  of  500  keV  In  approxi¬ 
mately  31%  of  these  spike  events  observed  from  the  low-altitude  polar  orbiting  satellites  P72-1.  P78-I, 
and  S81-1,  nearly  simultaneous  precipitation  was  measured  in  energetic  ions  above  ~30  keV  at  about 
the  same  L  value.  Several  of  the  precipitation  spikes  occurred  primarily  in  the  dnft  loss  cone,  but  in  some 
cases,  significant  precipitation  (~10'J  ergs/cm!  s)  was  also  observed  in  the  bounce  loss  cone  The 
electron  spikes  occurred  preferentially  in  the  evening  sector,  and  all  of  the  associated  narrow  ion  spikes 
were  in  that  local  time  interval.  Narrow  relativistic  electron  spikes  were  observed  on  less  than  1%  of  the 
crossings  of  the  plasmapause.  From  the  set  of  S81-I  events  a  search  was  made  for  those  also  observed  on 
the  NOAA  6  spacecraft.  On  rare  occasions,  nearly  simultaneous  (<2000  s)  narrow  spikes  with  hard 
electron  spectra  were  found  at  approximately  the  same  L  value  from  both  spacecraft  and  at  longitudes 
differing  by  8°-47a.  These  findings  suggest  a  patchy  profile,  sometimes  with  an  arc  structure  which  may 
extend  over  longitude  intervals  as  great  as  25°  and  time  intervals  as  long  as  2000  s.  From  consideration 
of  the  AE  index  for  17  events.  12  were  found  to  occur  dose  to  the  times  of  substorms  The  spike 
precipitation  is  interpreted  in  terms  of  cyclotron  resonance  wave-particle  interactions  involving  radiation 
belt  particles,  the  narrow  widths  being  associated  with  fine  structure  in  the  cold  plasma  density  profiles 
near  the  plasmapause  and  the  energy  selectivity  associated  with  an  upper  frequency  cutoff  in  the  waves. 
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Introduction 

The  possibility  that  relativistic  electrons  can  undergo  a 
cyclotron  resonance  with  electromagnetic  ion  cyclotron  waves 
that  are  associated  with  proton  precipitation  was  First  suggest¬ 
ed  by  Thorne  and  Kennel  [1971],  They  indicated  that  rela¬ 
tivistic  electron  precipitation  may  be  parasitic,  i.e.,  driven  by 
waves  generated  by  the  precipitation  of  ring  current  protons. 
One  of  the  predictions  of  this  mechanism  is  that  relativistic 
electron  precipitation  should  be  correlated  with  more  intense 
low-energy  (5-50  keV)  proton  precipitation  fluxes  along  the 
bulge  region  of  the  plasmapause.  However,  such  precipitation 
processes  may  only  apply  to  highly  relativistic  electrons  when 
finite  temperatures  are  considered,  as  shown  by  Davidson 
[1978], 

Relativistic  electron  precipitation  phenomena  in  conjunc¬ 
tion  with  ion  precipitation  might  best  be  studied  when  con¬ 
fined  to  a  narrow  latitude  interval  Narrow  L  shell  bands  of 
electron  precipitation  in  the  outer  radiation  belt  were  reported 
by  Koons  et  al.  [1972],  and  simultaneous  wave  measurements 
indicated  that  the  electrons  were  pitch  angle  scattered  in  the 
presence  of  intense  ELF  electrostatic  waves.  The  precipitating 
electrons  were  several  hundred  keV  in  energy,  but  associated 
proton  measurements  were  not  presented.  Narrow  zones  of 
preferentially  relativistic  electron  precipitation  were  first  re¬ 
ported  by  Imhof  el  al.  [1977],  but  no  attempt  was  made  to 
correlate  the  phenomenon  with  ion  precipitation  Relativistic 
electron  precipitation  events  that  occur  over  a  narrow  latitudi¬ 
nal  zone  embedded  within  a  broader  region  of  intense  energet- 
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ic  ion  precipitation  were  presented  by  Thorne  and  Andreoli 
[1980],  In  that  study,  four  events  were  found  with  a  well- 
defined  threshold  energy  for  electron  precipitation  which  they 
attributed  to  electromagnetic  ion  cyclotron  waves.  Single  and 
multiple  peaks  in  precipitating  protons  of  >120  keV  having  a 
narrow  distribution  in  L  above  a  smooth  continuum  were 
reported  by  Reaqan  el  al.  [1975]  Spiky  structures  in  proton 
precipitation  were  also  observed  by  Koons  [1975], 

In  the  present  paper  we  specifically  address  only  events  in¬ 
volving  the  preferential  precipitation  of  high-energy  electrons 
over  a  narrow  range  in  L  shell  and  look  for  associated  ion 
precipitation  in  those  events.  We  avoid  the  preferential  high- 
energy  precipitation  near  the  trapping  boundary,  which  often 
displays  hard  spectra  with  shapes  that  vary  strongly  with  L 
[ Imhof  el  al..  1979].  In  addition  to  finding  nearly  simultaneous 
ion  precipitation  during  two  of  the  relativistic  electron  events 
previously  published  by  Imlwf  el  al  [1977],  we  report  the 
results  of  a  study  of  this  class  of  events  with  data  acquired  on 
the  P78-1,  the  S8I-I,  and  the  NOAA  6  spacecraft.  From  the 
data  presented  it  is  concluded  that  many  of  the  spikes  may 
have  resulted  from  wave-particle  interactions  between  radi¬ 
ation  belt  particles  and  low-frequcncv  waves.  The  narrowness 
of  the  spikes  may  be  associated  with  line  structure  in  the  cold 
plasma  densities  near  the  plasmapause  where  many  of  the 
events  occurred 

DESCRIPTION  OF  11IF.  f  NS  IRUMFN  t  A  T  It  IN 
in  this  paper,  use  is  made  of  data  acquired  on  four  polar 
orbiting  satellites.  The  pertiment  instrumentation  in  each  of 
these  is  listed  in  Table  I  In  the  data  analysis.  I.  values  were 
calculated  using  the  Goddard  Space  Flight  Center  IGSFC 
12  66)  geomagnetic  field  model  (Cam  et  al .  1067]  for  the 
epoch  I972(F’72-I  data)  or  the  epoch  1980  l P78- 1 .  SXI - 1,  and 
NOAA  b) 
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TABLE  1  Electron/ Proton  Detectors 


Satellite  Particle  Detectors 


Name 

Altitude. 

km 

Local 

Time 

Spinning 
(Period)  or 
Oriented 

Name 

Type 

Threshold 

Energy 

Geometric 
Factor. 
cm7  sr 

Acceptance 
Angle,  deg 

Mirroring 

or 

Precipitating 

P72-I 

736-761 

Noon. 

Spinning 

EEM  001 

Electrons 

160  keV 

0  36 

+  20 

Both 

midnight 

(5  s) 

LEP  001 

Ions 

120  keV 

009 

±  8 

Both 

Anti  for  Ge 

Electrons 

3-4  MeV 

Omni 

Both 

spectrometer 

P78-I 

550-625 

Noon. 

Spinning 

EEM  002 

Electrons 

68  keV 

0  69 

±15 

Both 

midnight 

(5.5  s) 

LEP  002 

Ions 

60  keV 

0  1 

±  16 

Both 

Anti  for  Ge 

Electrons 

3-4  MeV 

Omni 

Both 

spectrometer 

S81-1 

170-280 

1030, 

Oriented 

ME  1 

Electrons 

45  keV 

2.47 

±30 

Precipitating 

2230 

(zenith) 

TE  2 

Electrons 

6  keV 

0.1 7 

±20 

Mirroring 

(90  to  zenith) 

LE  4 

Ions 

50  keV 

0.1 

±  10 

Both 

1 50  to  zenilhl 

Anti  for  ME  1 

Electrons 

1-6  5  MeV 

Omni 

Both 

spectrometer 

NOAA  6 

800-830 

0730. 

Oriented 

Electron 

Electrons 

30  keV 

00095 

±15 

Precipitating 

1930 

spectrometer 

(zenith) 

Electron 

Electrons 

30  keV 

00095 

±15 

Mirroring 

spectrometer 

|8 1  to  zenith) 

Proton 

Protons 

30  keV 

00095 

±15 

Precipitating 

spectrometer 

(zenith) 

Proton 

Protons 

30  keV 

0.0095 

±15 

Mirroring 

spectrometer  (83  to  zennhl 


All  of  the  particle  spectrometers  contained  silicon  solid  state 
sensors  except  for  the  EEM  001  instrument,  which  consisted 
of  a  plastic  scintillator.  Each  provided  energy  spectral  infor¬ 
mation  through  pulse  height  analysis.  The  electron  spec¬ 
trometers  on  the  P72-1  and  P78-I  spacecraft  are  described  by 
Imhof  et  at.  [1979]  and  Imhof  et  al  [1981],  respectively.  The 
proton  spectrometer  on  the  P72-I  satellite  was  described  by 
Reagan  el  al.  [1975].  Each  of  the  payloads  on  the  P72-1  and 
P78-I  satellites  also  contained  large-volume  anticoincidence 
scintillator  shields  which  responded  to  electrons  above  a  rela¬ 
tively  high  threshold  energy.  These  anticoincidence  counters 
provided  no  spectral  information  but  had  a  high  sensitivity 
and  were  therefore  suitable  for  detecting  relativistic  electron 
precipitation  spikes  The  anticoincidence  counter  surrounding 
the  Germanium  spectrometer  on  the  P72-1  satellite  consisted 
of  a  plastic  scintillator  and  is  described  by  Nakano  et  al 
[1974],  whereas  those  in  the  Germanium  spectrometers  on  the 
P78-I  spacecraft  consisted  of  sodium  iodide  (polyscin)  and  are 
described  by  Nakano  et  al.  [  1980]. 

The  payload  in  the  SEEP  (Stimulated  Emission  of  Energetic 
Particles)  experiment  on  the  S81-1  spacecraft  contained  an 
array  of  cooled  silicon  solid  state  detectors  to  measure  elec¬ 
trons  and  ions  directly  with  high-scnsitivity  and  tine  energy 
resolution  [Voss  er  al..  1982].  The  anticoincidence  counter 
surrounding  the  ME  I  spectrometer  consisted  of  a  plastic  scin¬ 
tillator 

The  Space  Environment  Monitor  on  the  NOAA  6  satellite 
includes  a  set  of  silicon  solid  state  detectors  which  measure  the 
intensity  of  electrons  and  ions  above  30  keV  Two  electron 
and  two  proton  detector  systems  arc  mounted  in  pairs  one  of 
each  tvpc  oriented  to  view  zenith,  the  other  two  viewing  at  83 
(protons)  and  81  (electrons)  to  the  lirst  pair  in  a  plane  perpen¬ 
dicular  to  the  orbit  plane  For  the  events  studied  here  the 
detector  pair  which  viewed  zenith  w  >s  measuring  precipitating 
particles,  whereas  the  other  pair  detected  particles  with  local 
pilch  angles  near  90 
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Data  from  three  satellites.  P72-I,  P78-I.  and  S8I-I.  were 
individually  surveyed  to  find  narrow  spikes  (less  than  10  s 
observing  lime)  in  the  fluxes  of  electrons  above  energies  of 
MeV.  ~  3  5  MeV,  or  1-6.5  MeV.  respectively  The  number  of 
events  was  9.  8.  and  24.  from  8.  14.  and  7  months  of  survey  in 
1972-1973.  1979-1980,  and  1982,  respectively  In  all  cases  the 
selection  criteria  required  that  the  flux  enhancements  were  not 
associated  with  the  isotropic  pitch  angle  distribution  com¬ 
monly  present  at  the  trapping  boundary 

The  narrow  energy  selective  electron  precipitation  events 
reported  here  are  uncommon  in  that  only  41  events  in  the 
P72-1,  P78-I,  and  SKI-1  data  were  found  from  a  survey  of 
many  orbits  A  quantitative  assessment  of  the  frequency  of 
onset  of  events  and  intercomparisons  between  the  occurrence 
rates  observed  by  the  vehicles  during  various  time  periods  is 
limited  by  the  unavoidably  different  event  criteria  used  in  each 
case  and  the  varying  portions  of  the  complete  data  sets  that 
were  analyzed  The  threshold  energies  and  geometric  factors 
for  detecting  events  in  the  anticoincidence  counters  were  not 
the  same,  and  two  vehicles  (P72-1  and  P7S-ll  were  spinning, 
whereas  the  SKI-1  satellite  was  oriented  However,  one  can 
state  that  the  narrow  (  <  10  s  duration  in  the  spacecraft  Iratnel 
relativistic  electron  precipitation  spikes  were  observed  lo 
occur  on  less  than  I".,  of  the  crossings  of  the  plasmapause 
Accordingly,  this  particular  class  of  precipitation  does  not  rep¬ 
resent  a  ma|or  contribution  to  the  losses  of  particles  Irom  the 
radiation  belts  However,  they  are  important  to  studv.  because 
the  electron  and  ion  precipitation  enhancements  are  olten 
nearly  simultaneous  and  narrow  m  lime  or  /  dud!  and  itieie 
fore  present  a  unique  opportumtv  to  studv  the  precipitation 
ptoc esses 

<  tut  of  the  total  of  41  nairow  rnrirv  \cleilive  election  pre 
emulation  events  reported  here  m  the  I’T  I.  P'S  I.  and  SM-I 
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l  ig  1  The  counting  rales  observed  with  the  FFM  002  and  LFP  002  spcclromelers  on  Ihc  P78-I  satellite  for  electrons 
and  ions  in  selected  energy  intervals  and  al  local  pitch  angles  near  90‘  Arrows  indicate  the  applicable  vertical  scale  in  each 
case. 


data,  nine  of  these  events  also  contained  a  narrow  zone  of 
energetic  ion  precipitation  at  nearly  the  same  time  and  L  shell. 
However,  in  these  nine  cases,  small  but  distinct  differences  in 
the  observed  L  shell  widths  and/or  positions  were  often  pres¬ 
ent.  In  regard  to  the  frequency  of  occurrence  of  simultaneous 
ion  and  electron  precipitation  events  it  should  be  realized  that 
in  12  of  the  24  S8I-I  events  the  instrumentation  was  not  in  a 
mode  suitable  for  detecting  ions.  Since  these  narrow  precipi¬ 
tation  events  are  rare,  the  near-coincidence  of  9  out  of  29  or 
31%  of  the  cases  seems  to  be  far  more  common  than  acci¬ 
dental.  On  the  other  hand,  coincident  precipitation  did  not 
occur  in  20  cases,  and  this  might  reflect  the  absence  of  waves 
at  the  appropriate  frequency  to  precipitate  the  ions. 

An  example  of  an  event  found  in  the  P78-I  data  is  shown  in 
Figure  I  Here  are  plotted  the  average  counting  rates  of  lo¬ 
cally  trapped  electrons  and  ions  in  selected  energy  intervals 
The  high-energy  elee'rons  (565-1050  keV)  increase  by  a  large 
factor  at  -84590  s  TJT  whereas  lower-energv  (88  155  keV) 
electrons  show  little  increase  at  that  time  along  with  a  pro¬ 
nounced  decrease  just  before  and  |ust  afterward  The  ions  also 
show  a  strong  spike  which  is  even  narrower  in  time  and/or  /. 
shell  Most  of  the  particles  observed  in  the  event  are  not  di¬ 
rectly  precipitating  in  the  bounce  loss  cone,  but  because  of  the 
high  R  value  at  (heir  mirror  points  they  will  be  lost  due  to 
atmospheric  interactions  sometime  during  their  longitude  drift 
around  the  world.  Since  the  observation  point  was  just  a  few 


degrees  east  of  the  anomaly  in  the  northern  hemisphere,  the 
electrons  must  have  been  injected  within  a  few  degrees  west  of 
the  point  of  observation.  The  protons,  which  drift  westward, 
could  have  been  injected  far  east  of  the  point  of  observation, 
but  the  close  agreement  with  the  electron  spike  makes  that 
seem  less  likely  Each  point  in  the  plot  represents  the  average 
of  approximately  twenty-five  0.032-s  summation  intervals  for 
pitch  angles  65'  1 15’  during  a  half-spin  of  the  satellite  Based 
on  the  relative  fluxes  of  the  ions  and  electrons  and  the  ob¬ 
served  differences  in  the  flux  versus  time  profiles,  it  can  he 
shown  that  the  ion  enhancements  during  this  and  other  events 
cannot  be  attributed  to  an  instrument  response  to  the  higher- 
energy  electrons.  Another  feature  of  this  event,  unlike  many  of 
the  others,  is  that  the  lower-energy  electrons  showed  i  pro¬ 
nounced  decrease  in  flux  just  before  and  just  after  the  hard 
spectrum  spike 

The  preferential  enhancement  of  the  higher-energv  electrons 
during  the  November  7,  1980.  event  is  best  illustrated  with  the 
energy  spectra  shown  in  Figure  2  Here  the  spectrum  during 
ihe  spike  is  plotted  for  comparison  with  the  average  of  the 
spectrum  before  and  after  the  event  Clearly,  the  higher  energy 
electrons  increased  bv  a  much  larger  factor  than  did  the 
lower-energy  electrons 

An  event  of  the  same  Ivpe  was  observed  bv  the  SSI  I  satel¬ 
lite  on  Julv  I  I.  19X2  Figure  1  shows  the  counting  rale  versus 
lime  profile  for  electrons  in  the  bounce  loss  cone  in  two  .Inter 
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Fig.  2.  Energy  spectrum  measured  with  the  EEM  002  spectrometer  during  a  spike  event  and  the  average  of  that 
recorded  before  and  after  the  spike.  The  channels  have  been  grouped  to  reduce  the  statistical  uncertainties. 


ent  energy  ranges.  As  with  the  pattern  of  the  P78-I  events,  the 
fluxes  of  electrons  of  >  300  keV  increased  by  a  larger  factot 
than  did  the  lower-energy  electrons.  This  tendency  is  illus¬ 
trated  with  the  energy  spectra  measured  in  ME  1  as  shown  in 
Figure  4.  One  can  see  that  the  spectrum  is  much  harder 
during  the  spike  than  before  and  afterward. 


During  the  event  shown  in  Figure  3  an  ion  enhancement 
was  observed  tn  the  LE  4  spectrometer  at  nearly  the  same 
time  as  the  higher-energy  electron  flux  increase  but  with  a 
somewhat  different  time  profile  and  at  a  slightly  different  L 
value.  In  this  regard  the  event  was  similar  to  the  one  presented 
in  Figure  I  based  on  the  P78-1  data. 


UT  |s) 


Fig  3  The  counting  rales  observed  with  the  ME  I  and  LE  4  spectrometers  in  the  SEEP  payload  on  the  S81-I  spacecraft 
at  local  zenith  angles  of  0  and  50  ,  respectively,  are  plotted  as  a  function  of  time 
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Fig.  4.  Energy  spectrum  measured  with  the  ME  I  spectrometer  during  a  spike  event  and  the  spectra  recorded  before  and 
after  the  spike.  The  channels  have  been  grouped  lo  reduce  the  statistical  uncertainties 


Several  relativistic  electron  precipitation  spikes  over  very 
narrow  L  shell  intervals  were  previously  reported  [ Imliof  el  al., 
1977]  on  the  basis  of  data  acquired  from  the  P72-1  satellite 
during  an  8-month  time  period,  October  1972  to  May  1973. 
During  those  events  the  fluxes  of  electrons  of  54  MeV  under¬ 
went  pronounced  and  narrow  enhancements  lasting  less  than 
10  s,  whereas  the  lower-energy  electrons  were  not  significantly 
affected.  Only  electrons  were  considered  in  the  initial  study  of 
energy  selective  precipitation  mechanisms  using  these  data. 
More  recently,  having  observed  ion  precipitation  simulta¬ 
neously  with  energy  selective  electron  precipitation  in  the 
P78-I  and  S81-1  data  sets,  the  older  data  were  examined  for 
the  simultaneous  occurrence  of  ion  precipitation.  On  two  of 
the  nine  events  previously  studied,  narrow  zones  of  ion  pre¬ 
cipitation  were  found  at  nearly  the  same  location  on  suc¬ 
cessive  orbits.  The  electron  and  ion  data  from  these  two  passes 
are  shown  in  Figure  5.  Clearly,  the  ions  at  250-400  keV  show 
enhanced  fluxes  over  a  narrow  L  shell  region  at  approximately 
the  same  time  and  position  as  the  relativistic  electrons  with 
energies  of  >4  MeV.  The  close  association  between  the  elec¬ 
tron  and  ion  spikes  makes  it  less  likely  that  either  had  been 
iniected  far  away  in  longitude  and  just  drifted  to  the  point  of 
observation.  From  the  entire  set  of  on-orbit  data  as  well  as  the 
laboratory  calibrations  it  can  be  shown  that  the  ion  spec¬ 
trometer  was  not  simply  responding  to  relativistic  electrons. 
During  the  remaining  seven  relativistic  electron  precipitation 
events  observed  in  1972-1973,  narrow  and  pronounced  ion 
precipitation  did  not  occur,  although  in  some  of  the  cases  the 
ton  fluxes  were  enhanced  in  the  general  vicinity  of  the  rela¬ 
tivistic  electron  precipitation. 

Erents  in  Both  the  SSI -I  urul  the  NOAA  f>  Data 

Since  the  NOAA  6  instrument  provided  no  means  of  moni¬ 
toring  the  fluxes  of  electrons  above  energies  exceeding  MX) 


keV,  a  search  for  relativistic  electron  precipitation  events 
could  not  be  performed  based  on  the  detection  of  electrons  in 
the  MeV  range,  as  done  with  the  P72-I.  P78-I.  and  SRI-1 
spacecraft.  Instead,  in  the  NOAA  6  instruments,  electron  and 
proton  responses  were  studied  at  times  within  3  hours  of  the 
observation  of  narrow  relativistic  electron  spikes  in  the  SR  I- 1 
spacecraft.  The  criteria  for  correlation  were  further  restricted 
by  requiring  the  NOAA  6  event  to  be  within  b0  in  longitude 
and  0.1  I  units  in  I.  value  of  the  SRI -I  event 

Examples  of  relativistic  electron  precipitation  spikes  ob¬ 
served  in  both  the  S8I-I  and  NOAA  6  data  are  shown  in 
Figure  6.  In  each  of  the  events  the  spikes  consisted  of  signifi¬ 
cant  enhancements  in  the  fluxes  of  >.MX)-keV  electrons  in 
both  the  drift  and  bounce  loss  cones  The  listed  angles  refer  to 
the  zenith  viewing  directions  rather  than  pitch  angles  The 
central  pitch  angles  for  electrons  observed  by  the  0  detectors 
in  the  NOAA  6  and  SR  I  - 1  payloads  are  all  w  it  bin  27  of  being 
parallel  to  the  magnetic  field  lines  The  pitch  angles  for  the  90 
detectors  are  all  within  15  of  being  perpendicular  to  the  mag¬ 
netic  field  lines  On  each  of  these  events  the  fluxes  of  precipi¬ 
tating  electrons  above  .MX)  keV  increased  by  larger  factors 
than  did  those  of  trapped  electrons  Detailed  analyses  of  the 
precipitating  to  trapped  ratios  and  comparisons  between  the 
NOAA  6  and  SRI -I  data  are  limited  by  an  alternation  of  the 
I-s  accumulation  intervals  between  the  precipitating  and 
trapped  particles  in  the  NOAA  h  measurements  In  the  plots 
of  the  latter  data  the  counting  rates  on  successive  l-s  intervals 
are  connected  by  straight  lines 

The  energy  spectra  of  the  precipitating  electrons  from  the 
SR1-I  measurements  during  the  two  foregoing  events  are  illus¬ 
trated  m  Figure  7  Clearly,  the  spectra  were  significantly 
harder  during  the  spikes  than  before  or  alter  There  is  no 
well-defined  energy  threshold  for  flux  enhancement,  but  the 
fluxes  of  eicctrons  show  a  marked  increase  at  energies  up  to  at 
least  I  MeV  The  equivalent  e  fold  energies  are  sometimes  in 
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Fig.  5.  The  counting  rate  of  electrons  of  >4  MeV  observed  with  the  anticoincidence  counter  surrounding  one  of  the 
Germanium  spectrometers  on  the  P72-I  spacecraft  and  the  rates  of  ions  of  250-400  keV  al  nearly  90  pilch  angle 
measured  in  the  LEP  001  spectrometer  on  the  same  satellite. 

excess  of  500  keV.  During  the  spikes  on  September  2,  1982,  extend  over  longitude  intervals  as  great  as  25  and  time  mter- 

and  November  17,  1982,  the  energy  deposition  rates  corre-  vals  as  long  as  2000  s  The  plot  in  Figure  X  is  consistent  with 

sponding  to  the  spectra  measured  in  the  bounce  loss  cone  the  general  lack  of  occurrence  of  the  energy  selective  precipi- 

were  2.4  x  10' :  and  2.7  x  10' 2  ergs/cm*  s,  respectively.  tation  spikes  on  successive  orbits,  differing  by  -6000  s  in  time 

It  should  be  noted  that  events  with  large  fluxes  of  high-  and  about  25°  in  longitude, 
energy  electrons  in  the  bounce  loss  cone  were  not  observed 

from  the  P72-1  and  P78-1  satellites,  but  this  measured  differ-  Morphology  of  the  Events 

ence  in  character  of  the  events  may  result  from  the  oriented  All  the  narrow  electron  spikes  reported  here  occurred  in  the 
condition  of  the  S81-1  and  NOAA  6  experiments  in  contrast  outer  radiation  belt.  The  invariant  latitude  and  MI  T  values 

with  the  spinning  nature  of  the  other  two  satellites  and  the  are  plotted  in  Figure  9,  with  different  symbols  for  those  that 

differences  in  geometric  factors  of  the  various  detectors.  Also,  involved  only  electrons  and  for  those  in  which  the  ion  fluxes 

selecting  events  observed  from  two  satellites  at  somewhat  dif-  also  showed  an  enhancement.  The  events  are  plotted  at  the 

ferent  times  and  positions  may  have  generally  favored  local  time  of  observation.  Those  electrons  in  the  drift  loss  cone 

stronger  wave-particle  interactions.  could  have  been  injected  at  an  earlier  time,  but  in  most  of  the 

Nearly  coincident  ion  spikes  appeared  in  all  seven  of  the  cases,  electrons  are  also  in  the  bounce  loss  cone,  and  a  long 

NOAA  6  passes  in  which  high-energy  electron  enhancements  longitude  drift  interval  seems  less  likely  Also  shown  arc  the 

occurred  at  nearly  the  same  E  value  as  in  the  S8I-1  data.  four  events  presented  by  Thorne  and  Andreoli  [1980]  as  elcc- 

Howeve-  in  two  of  these  events  the  electron  and  ion  spikes  tromagnetic  ion  cyclotron  wave  events  Data  coverage  on  the 

were  somewhat  wider  than  10  s  in  the  spacecraft  frame.  At  the  P72-1  and  P78-I  spacecraft  was  approximately  equal  near 

times  of  these  events  the  ion  detector  in  the  S8 1-1  payload  was  noon  and  midnight  (within  about  2  hours),  and  for  the  S8I-I 

not  in  the  proper  mode  for  measuring  ions,  so  it  is  not  known  satellite  it  was  almost  equal  near  1030  and  2230  local  time 

whether  an  ion  spike  occurred  at  the  time  of  the  SEEP  obser-  (within  about  2  hours).  At  low  l.  values  the  NOAA  ft  measure  - 

vations.  When  the  S81-1  ion  detector  was  in  the  correct  mode  ments  covered  MLT  values  of  0630  0900  and  1830  2130  The 

for  counting  ions  and  they  were  detected,  corresponding  elec-  premidnight  hours  were  clearly  the  most  favored  for  oc- 

tron  spikes  in  both  the  S81-1  and  the  NOAA  6  data  were  not  currence  of  energy  selective  electron  precipitation  spikes  This 

observed  preference  was  particularly  strong  for  events  with  nearly  si- 

The  longitude  and  time  differences  when  similar  events  were  multaneous  ion  and  energy  selective  relativistic  electron  pre¬ 
observed  in  the  NOAA  6  and  S81-I  data  are  shown  in  Figure  cipitation.  The  concentration  of  events  prior  to  local  midnight 

8  For  all  of  the  plotted  points  a  relativistic  electron  spike  was  's  a  noteworthy  finding,  but  additional  information  is  needed 

observed  in  the  S8I  -I  detector  oriented  at  0’  zenith  angle.  to  establish  the  source  of  the  spikes 

Different  symbols  are  used  to  indicate  whether  or  not  an  elec-  Since  the  equatorial  plasma  densities  and  hence  the  wave- 

tron  spike  was  observed  in  the  NOAA  ft  data  within  O  il  of  particle  resonant  energies  are  known  to  undergo  major 

the  same  /.  value  A  shading  encompasses  electron  precipi-  changes  near  the  plasmapause.  it  is  of  interest  to  consider  the 

tation  events  that  extend  less  than  25’  in  longitude  and  less  locations  of  these  events  with  respect  to  that  position  In 

than  2000  s  in  time  Five  of  seven  events  observed  from  both  Figure  10  the  locations  in  /,  of  the  cnergv  selective  spikes  arc- 

spacecraft  fell  within  these  limits  These  findings  suggest  a  plotted  as  a  function  of  the  position  of  the  plasmapause  based 

patchy  profile,  sometimes  with  an  arc  structure  which  may  on  Kp  [ Carpenter  and  Turk.  197.3]  This  formalism  used  a 
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Fig  6.  In  lhe  lop  sections  the  counting  rates  observed  with  ME  I,  TE  2.  and  LE  4  spectrometers  in  the  SEEP  payload 
on  the  S8I-I  spacecraft  at  local  zenith  angles  of  0°.  90",  and  50\  respectively,  are  plotted  as  a  function  of  time  for  events  on 
(left)  September  2,  1982,  and  (right)  November  17,  1982.  Also  plotted  are  the  counting  rates  in  the  anticoincidence  counter 
In  the  bottom  sections  are  plotted  the  counting  rates  of  electrons  of  >  300  keV  measured  at  0"  and  at  81  zenith  angle  and 
of  protons  of  3O-R0  keV  measured  at  O’  and  at  83°  zenith  angle  on  the  NOAA  6  spacecraft  After  the  longitude  values,  |N) 
or  (S)  indicates  whether  the  observations  were  made  in  the  northern  or  southern  hemisphere,  respectively. 


simple  dipole  model,  and  consideration  of  the  differences  in 
magnetic  field  model  for  the  calculation  of  L  value  is  beyond 
the  scope  of  this  formalism.  The  formula  applies  to  all  mag¬ 
netic  local  times,  but  at  MLT  values  near  2100  the  actual  l. 
values  of  the  plasmapause  may  be  slightly  higher  (D  L.  Car¬ 
penter.  private  communication,  1985).  The  L  values  for  the 
plasmapause  location  based  on  the  Carpenter  and  Park  for¬ 
malism  are  not  intended  to  he  accurate  representations,  but 
are  given  mainly  to  illustrate  the  general  location  of  the  events 
with  respect  to  the  plasmapause  position.  A  Kp  scale  is  pro¬ 
vided  on  the  right-hand  side.  A  line  is  drawn  to  indicate  posi¬ 
tions  of  equal  value  in  L  for  the  spike  and  the  plasmapause  It 
can  be  seen  that  many  of  the  spikes  occurred  in  the  vicinity  of 
(he  plasmapause. 

Discussion 

It  should  he  emphasized  that  many  of  the  electron  precipi¬ 
tation  events  reported  here  were  observed  in  the  drift  loss 
cone  Even  for  the  majority  of  events  observed  in  the  bounce 
loss  cone  with  the  S8I-1  and  NOAA  6  instruments  the  pitch 
angle  distributions  were  far  from  isotropic,  with  the  fluxes 


near  90°  pitch  angle  often  being  an  order  of  magnitude  greater 
than  those  near  0"  In  contrast,  the  energy  selective  precipi¬ 
tation  events  reported  by  Thome  and  Andretdi  [  1980]  were  all 
measured  in  the  bounce  loss  cone,  l  he  four  events  with  iso¬ 
tropy  over  the  upward  looking  hemisphere  had  energy  selec¬ 
tive  properties  similar  to  those  reported  here.  However,  those 
events  were  discovered  from  more  than  14  months  of  data, 
and  they  occurred  in  the  dusk  meridian,  a  time  interval  not 
covered  well  in  the  present  observations. 

The  spikes  reported  by  Koons  el  al  [1972)  appear  similar 
to  those  considered  in  the  present  paper,  hut  here  we  have 
analyzed  many  electron  events  and  have  considered  the  fre¬ 
quency  of  occurrence  of  associated  narrow  ion  spikes  The 
spikes  might  also  be  related  to  the  relativistic  electron  precipi¬ 
tation  (RE PI  event  at  L  =  45  reported  by  H'c.sf  and  Parks 
[1984)  Brcmsstrahlung  X  rays  and  ELK  emissions  were  mea¬ 
sured  simultaneously.  The  X  ray  fluxes  had  a  hard  energy 
spectrum,  and  lhe  authors  concluded  Ihcv  were  due  to  precipi¬ 
tation  of  relativistic  electrons  West  and  Parks  interpreted  the 
event  as  being  the  result  of  electron  cyclotron  interaction  with 
whistlers  However,  the  data  were  limited  to  one  cient,  so  it  is 
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Fig.  7  Energy  spectra  measured  with  the  ME  I  spectrometer 
during  two  different  spike  events.  Also  shown  are  the  spectra  recorded 
before  and  after  the  spike. 

difficult  to  establish  how  it  might  relate  to  the  events  present¬ 
ed  here. 

Many  electron  and  ion  precipitation  processes  are  believed 
to  be  associated  with  wave-particle  interactions.  For  simplicity 
and  because  a  large  portion  of  the  length  of  a  field  line  is  near 
the  equator,  that  region  is  often  taken  to  be  the  location  where 
the  interactions  take  place.  It  is  therefore  logical  to  consider 
the  frequencies  of  the  waves  that  might  be  responsible  for 
first-order  cyclotron  resonance  at  the  equator.  For  this  pur¬ 
pose  the  resonance  frequencies  were  calculated  using  a  pro¬ 
gram  supplied  by  G.  T  Davidson  (private  communication, 
1984)  The  frequencies  for  the  case  on  November  7,  1980,  are 
plotted  in  Figure  1 1  as  a  function  of  the  near-equatorial  cold 
plasma  density.  Cyclotron  resonance  was  assumed  for  wave' 
traveling  parallel  to  the  magnetic  field  lines,  and  the  wave- 
particle  interactions  were  all  taken  to  occur  at  the  equator. 
However,  various  modes  of  wave-particle  interactions  are  pos¬ 
sible,  and  therefore  the  wave  frequencies  for  a  given  plasma 
density  may  be  somewhat  different  than  shown.  Many  of  the 
events  occurred  in  the  neighborhood  of  L  =  4-5,  and  the  cold 
plasma  densities  in  the  equatorial  region  were  therefore  gener¬ 
ally  in  the  vicinity  of  100  cm  3.  The  frequencies  of  the  waves 
responsible  for  the  electron  precipitation  were  probably  in  the 
range  10  100  Hz.  An  upper  frequency  cutoff  in  the  waves 
could  account  for  the  observed  energy  selectivity.  The  nearly 
simultaneous  precipitation  of  ions  would  require  that  the 
waves  extend  to  lower  frequencies,  I  Hz  or  less  Waves  of  such 
low  frequencies  could  be  associated  with  whistlers,  and  be 
cause  of  the  dispersion  the  waves  might  last  for  several  sec¬ 
onds  On  the  ground  it  is  difficult  to  follow  the  whistlers  to 
low  frequencies,  hut  from  satellites,  proton  whistlers  have  been 
measured  at  frequencies  down  to  —  100  Hz  [Sliimlnm,  I9bh| 


However,  few  studies  have  addressed  this  frequency  portion  of 
whistlers.  In  fact,  the  extent  to  which  waves  in  the  10-  to 
100-Hz  range  occur  at  high  altitudes  in  the  near-equatorial 
region  of  outer  radiation  belt  L  shells  is  not  well  known  These 
data  indicate  the  need  for  further  measurements  of  low- 
frequency  waves. 

It  would  have  been  desirable  to  have  measured  the  low- 
frcqucncy  wave  environment  near  the  equator  simultaneously 
with  the  particle  observations  at  low  altitudes.  However, 
waves  at  the  appropriate  position  are  measured  only  infre¬ 
quently,  and  the  probability  of  having  performed  such  a 
measurement  in  coincidence  with  the  rare  events  reported  here 
is  quite  low.  It  is  possible  that  the  wave-particle  interactions 
took  place  at  low  altitudes,  as  reported  by  Koons  ei  al.  [1972], 
where  the  frequency  of  any  responsible  waves  would  be  much 
higher,  but  low-altitude  measurements  of  the  waves  were  also 
not  available  at  the  times  of  the  events.  Lacking  one-to-one 
coordinations  between  wave  and  particle  measurements,  we 
might  compare  the  times  of  occurrence  of  the  events  with  the 
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Fig  9  An  invariant  latitude/magnetic  local  lime  plot  of  the  events  observed  on  the  P72-I,  the  P78-1.  and  the  S8I-1 
spacecraft  as  well  as  the  four  electromagnetic  ion  cyclotron  wave  events  reported  by  Thorne  and  Andreoli  [1980]  Events 
observed  on  the  NOAA  6  spacecraft  within  3  hours  in  time  and  0.11  units  in  L  of  those  measured  on  the  S8I-I  satellite  are 
also  shown  All  of  the  events  from  the  P72-1,  P78-I,  and  S81-I  vehicles  were  observed  over  a  period  of  less  than  10  s.  as 
were  the  proton  events  from  NOAA  6  Two  of  the  electron  events  measured  on  NOAA  6  were  somewhat  longer  than  10  s. 
The  principal  data  coverage  was  in  the  MLT  intervals  1000-1400  and  2200-0200  on  the  P72-I  and  P78-I  satellites  and  in 
the  intervals  0830-1230  and  2030-0030  on  the  S81-I  spacecraft,  and  for  NOAA  6  the  range  of  coverage  for  low  L  values 
was  0630-0900  and  1830-21 30. 


expected  times  of  the  presence  of  low-frequency  waves.  Boasen 
el  al.  [1976J  have  reported  PC  1  events  at  synchronous  orbit 
to  have  an  increased  occurrence  rate  within  1 J  hours  of  a 
substorm  expansion  onset.  In  Figure  12  the  times  of  the  spike 
events  are  indicated  on  plots  of  the  AE  index.  It  can  be  seen 
that  six  of  the  eight  events  in  1980  occurred  very  close  to  the 
times  of  substorms  and  likewise  for  six  of  the  nine  events  in 
1972  1973.  Therefore  during  many  of  the  events  it  is  likely 
that  low-frequency  waves  were  enhanced  in  the  near- 
equatorial  region 

The  narrow  L  shell  confinement  of  the  relativistic  precipi¬ 
tation  spikes  may  reflect  fine  structure  in  the  cold  plasma 
density  profiles  and  hence  in  the  cyclotron  resonance  energies 
Narrow  regions  of  enhanced  or  depleted  plasma  density  near 
the  plasmapause  have  been  reported  by  Anderson  [1984]  Fine 
structure  in  the  plasma  density  profiles  might  also  explain  the 
pronounced  and  narrow  depletions  of  the  lower-energy  elec¬ 
trons  just  before  and  after  the  spike  on  November  7,  1980  The 
nearby  spikes  in  electron  and  ion  precipitation  might  be  at¬ 
tributed  to  fine  spatial  structure  in  the  plasma  density  profiles 
combined  with  the  presence  of  waves  spanning  a  sufficiently 
broad  frequency  range  Minor  displacements  in  the  electron 


and  ion  spikes  might  be  attributed  to  details  of  the  plasma 
density  profiles  and  the  wave  intensity-frequency  distributions. 

In  addition  to  the  cyclotron  resonance  energies  being 
strongly  localized,  the  waves  might  also  be  confined  to  narrow 
spatial  regions  Many  years  ago  it  was  suggested  by  Smith  i. 
al  [I960]  that  whistler  mode  waves  could  be  trapped  in 
plasma  ducts  aligned  with  the  earth's  magnetic  field  lines.  Sub¬ 
sequently.  observations  have  supported  this  concept,  and  re¬ 
cently.  Bei/hm  el  al  [1984]  observed  density  structures  con¬ 
taining  ducted  waves  These  structures  were  called  "FI  F 
plasma  ducts"  The  typical  horizontal  sizes  of  these  plasma 
ducts  were  found  to  lie  in  the  range  5  50  km  Such  dimensions 
are  not  inconsistent  with  the  sizes  ot  the  spikes  reported  here, 
which  are  typically  in  the  neighborhood  of  5  s  or  -  35-km 
distance  Plasma  densities  were  measured  in  the  SFFP  pay- 
load  on  the  S8  I  - 1  satellite  |  l  oss  or  al .  19X5],  and  in  several  of 
the  passes  a  density  depletion  was  observed  in  the  plasma 
trough  near  the  relativistic  electron  spikes 

Si  Vi  vi  a  r  v 

Data  have  been  presented  on  rare  relativistic  electron  and 
energetic  ion  precipitation  events  with  the  characteristics  of  a 
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Fig  12.  The  AE  index  plotted  as  a  function  of  lime  Arrows  indicate  the  times  of  the  precipitation  spike  events  The 
arrow  near  0100  UT  on  December  13.  1972.  represents  two  spike  events 


very  hard  spectrum  and  narrow  spatial  extent  The  most 
promising  explanation  is  wavc-particic  interactions  within  fine 
structures  in  the  cold  plasma 
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Slot  Region  Electron  Precipitation  by  Lightning,  VLF  Chorus,  and 

Plasmaspheric  Hiss 

W.  L.  Imiioe,  H.  D.  Voss,  M.  Walt,  E.  E.  Gaines,  J.  Mobilia,  D.  W.  Datlowe,  and  J.  B.  Reagan 
Lockheed  Palo  Alio  Research  Laboratory ,  Palo  Alto,  California 

Energetic  electrons  are  precipitated  from  the  slot  region  of  the  radiation  belts  by  a  variety  of  mecha¬ 
nisms.  including  short  duration  wave  bursts  associated  with  lightning  and  chorus  and  more  slowly 
varying  plasmaspheric  hiss.  Characteristics  of  the  nightside  short  duration  precipitation  events,  including 
their  favored  occurrence  at  certain  longitudes  in  the  northern  hemisphere,  indicate  that  they  are  pre¬ 
dominantly  associated  with  lightning.  The  dayside  events  seem  to  relate  primarily  to  VLF  chorus.  Here  a 
study  is  made  of  various  characteristics  of  the  short  duration  precipitation  bursts,  namely,  the  longitude 
and  L  shell  variations,  the  day/night  differences,  the  energies  of  spectral  maxima,  and  the  rapid  spectral 
variations  with  time.  In  addition,  the  total  loss  rates  of  electrons  from  the  radiation  belts  are  obtained 
from  the  measured  energy  spectra  and  pitch  angle  distributions.  An  assessment  is  made  of  the  relative 
importance  of  the  bursts  as  a  loss  mechanism  for  slot  region  electrons  in  comparison  to  the  more  slowly 
varying  precipitation  processes.  The  assessment  is  based  on  a  comparison  of  the  energies  of  the  peaks 
often  observed  in  the  energy  spectra  of  both  classes  of  precipitation.  The  slowly  varying  electron  fluxes 
observed  in  the  drift  loss  cone  frequently  display  peaks  in  the  energy  spectra  which  indicate  that  they  are 
precipitated  by  plasmaspheric  hiss  and  that  this  process  therefore  represents  a  major  loss  mechanism. 
Well-defined  bursts,  which  appear  to  be  associated  with  lightning  at  nighttime  and  perhaps  chorus  in  the 
daytime,  were  observed  on  only  about  2%  of  the  satellite  passes  and  are  generally  of  lower  energy  than 
the  general  population  in  the  drift  loss  cone,  suggesting  that  the  bursts  are  not  the  dominant  loss 
mechanism.  There  is  some  overlap  between  the  distributions  in  peak  energy,  and  lightning  may  play  a 
role  in  precipitating  electrons  from  the  slot  region  primarily  at  nighttime,  with  its  greatest  contribution  at 
low  L  shells. 


Introduction 

The  importance  of  various  mechanisms  for  precipitating 
electrons  from  the  “slot  region”  of  the  radiation  belts  (L  3: 
2-3.5)  is  still  not  well  understood.  Many  years  ago  it  was 
shown  that  atmospheric  scattering  is  not  an  important  loss 
mechanism  for  electrons  trapped  on  L  shells  above  ~  1.3 
[Walt.  1964],  The  significance  of  plasmaspheric  hiss  as  a  loss 
mechanism  for  slot  region  electrons  was  suggested  by  Lyons  et 
al.  [1972],  The  coordinated  measurements  of  Imhof  et  al. 
[1982],  which  simultaneously  observed  electron  precipitation 
and  VI. F  hiss,  were  consistent  with  this  hypothesis.  The  pre¬ 
cipitation  of  energetic  electrons  from  the  slot  region  by  off- 
equatorial  interactions  with  VLF  transmitter  waves  has  been 
invoked  by  Vampala  [1977]  to  explain  his  observed  longitude 
variations  in  electron  precipitation.  Throughout  much  of  the 
slot  region  the  lack  of  a  pronounced  diurnal  variation  in  the 
electron  precipitation  has  been  used  to  argue  against  the  im¬ 
portance  of  waves  from  ground-based  VLF  transmitters,  since 
the  transmission  of  the  ionosphere  to  these  waves  is  much 
reduced  during  the  daytime  [Imhof  et  al..  1984], 

Lightning  was  first  suggested  by  Dunqey  [1963]  and  then 
discussed  by  Cornwall  [1964]  as  a  source  of  waves  for  precipi¬ 
tating  electrons.  This  loss  mechanism  was  later  discarded  as 
being  unimportant  [Roberts,  1966].  The  possible  importance 
of  electron  precipitation  associated  with  lightning  has  been 
reopened  with  the  measurements  of  Trimpi  events  [Carpenter 
et  al..  1984],  in  which  the  amplitude  or  phase  of  a  subiono- 
spherically  propagating  VLF  signal  is  perturbed  at  the  time  of 
reception  of  a  magnctosphcric  whistler  Recent  related  activi¬ 
ties  include  the  direct  observations  from  a  satellite  of  electrons 
precipitated  by  lightning  [Foss  et  al..  1984],  In  the  latter  in¬ 
vestigation,  discrete  lightning-induced  electron  precipitation 
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events  (LEP)  were  observed  within  the  bounce  loss  cone  in 
synchronization  with  whistlers  observed  at  ground  stations. 
Foss  et  al.  [1984]  found  that  a  single  LEP  burst  at  L  =  2.3 
emptied  about  0.001  %  of  the  radiation  belt  in  the  region  en¬ 
compassing  the  burst  magnetic  field  lines.  The  data  also  sug¬ 
gested  that  a  single  lightning  flash  can  precipitate  electrons  at 
locations  separated  by  2000  km.  Although  well-defined  iso¬ 
lated  LEP  events  are  infrequent,  lightning  could  still  play  a 
dominant  role,  since  it  may  also  greatly  enhance  the  pitch 
angle  diffusion  process  but  not  be  detectable  as  isolated 
events. 

Evidence  exists  for  electron  precipitation  by  VLF  chorus, 
since  bursts  of  precipitating  electrons  were  always  accompa¬ 
nied  by  chorus  emissions  [O/iiwi  and  (turner/.  1968]  It  has 
also  been  shown  that  radiated  power  line  harmonics  (PLH)  in 
the  kilohertz  range  can  on  occasion  dominate  VLF  activity  in 
the  magnetosphere  [ llclliwell  et  ill.  1975;  Park  and  Helliwell. 
1977;  Luetic  et  al..  1979]  The  foregoing  authors  have  suggest¬ 
ed  that  PLH  may  enhance  the  precipitation  of  energetic  parti¬ 
cles  in  the  magnetosphere 

Based  on  the  measured  pitch  angle  distributions,  it  will  be 
shown  that  the  drift  loss  cone  electrons  represent  a  significant 
portion  of  the  loss  rate  into  the  atmosphere  Hence  mecha¬ 
nisms  which  populate  the  drift  loss  cone  will  be  important  in 
determining  the  overall  loss  rates.  Here  we  attempt  to  assess 
relative  contributions  in  the  slot  region  of  lightning  whistlers 
and  of  chorus  bursts  to  the  injection  of  electrons  into  the  drift 
loss  cone  This  assessment  is  based  on  the  energies  of  peaks 
observed  in  the  electron  energy  spectra  We  have  compared 
the  electron  spectra  observed  in  the  drift  loss  cone  with  the 
spectra  of  electrons  precipitated  by  well-defined  bursts  From 
these  comparisons  one  can  set  limits  on  the  importance  of  the 
various  loss  mechanisms 

Description  ni  Satellite  Instrumentation 

1  he  data  presented  here  were  acquired  with  energetic  elec¬ 
tron  spectrometers  placed  on  two  low-altitude  polar  orbiting 
-  175- 
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TABLE  1.  Characteristics  of  Electron  Spectrometers 


Satellite 

Electron 

Spec¬ 

trometer 

Energy 

Threshold, 

keV 

Geometric 
Factor, 
cm2  sr 

Central 

Viewing 

Zenith 

Angle 

Acceptance 

Angle. 

deg 

P78-I 

EEM  002 

68 

0.69 

spinning 

+  15 

P78-I 

PRM  004 

59 

1.0  x  10  3 

spinning 

+  3.5 

S8I-1 

ME  1 

45 

2.47 

O' 

+  30 

S81-1 

TE  2 

6 

0.17 

90c 

+  20 

satellites.  On  one  of  the  satellites,  P78-I,  electrons  were  mea¬ 
sured  from  68  keV  to  1  MeV  over  the  time  period  1979-1985. 
The  observations  from  the  other  satellite  (S8I-I)  were  more 
restricted  in  time  (May-Oecember  1982),  but  the  electron 
measurements  extended  to  lower  energies,  6  keV. 

The  P78-1  satellite  was  launched  into  orbit  on  February  24, 
1979.  The  spacecraft  was  in  a  sun  synchronous,  noon- 
midnight,  nearly  circular  orbit  at  '-600-km  altitude  with  an 
inclination  of  96.7°.  The  satellite  traveled  northward  during 
the  daytime.  The  section  of  the  satellite  containing  the  elec¬ 
tron  spectrometers  spun  about  an  axis  perpendicular  to  the 
orbit  plane  with  a  period  of  5.5  s. 


The  instrument  from  which  the  energy  spectra  of  electrons 
above  68  keV  were  obtained  was  a  high-sensitivity,  high- 
resolution  (0  69  cm2  sr  geometric  factor,  '20  keV  full  width 
at  half  maximuml  spectrometer  with  the  designation  EEM 
002.  The  center  axis  of  the  collimator  was  oriented  at  90  to 
the  spin  axis.  It  employed  a  1000-/im-lhick  silicon  solid  state 
detector  surrounded  by  a  plastic  scintillator  anticoincidence 
shield  for  background  reduction  The  collimator  entrance  ap¬ 
erture  was  covered  by  a  3  2-mg/cm2  aluminum  and  Kaplun 
window  that  prevented  protons  with  less  than  I -MeV  energy 
from  reaching  the  detector.  A  detailed  description  of  this  in¬ 
strument  is  provided  elsewhere  [Imho/  et  at..  1981  ]. 

Fine  resolution  electron  pitch  angle  measurements  were 
made  with  a  second  spectrometer  designated  PRM  004. 
having  a  threshold  energy  of  59  keV  This  instrument,  de¬ 
signed  to  measure  high  fluxes  of  electrons,  had  a  3.5  half¬ 
angle  collimator  and  a  IOOO-/rm-thick  silicon  surface  barrier 
detector  with  007-cm2  area  resulting  in  a  geometric  factor  of 
1.0  x  10  '  cm2  sr  A  13-pm-thick  silicon  detector  ahead  of  the 
main  detector  and  in  anticoincidence  with  it  provided  rejec¬ 
tion  of  low-energy  protons.  A  third  silicon  detector.  IIXX1  ;im 
thick  and  0.50  cm2  in  area  and  positioned  behind  the  other 


Fig  I  The  electron  energies  calculated  for  first-order  cyclotron  resonant  interactions  near  the  equator  for  wanes 
traveling  parallel  to  the  magnetic  field  lines  The  plasma  densities  were  taken  to  he  VXX)  II.  21  ‘  cm  1  Ihe  central 
energies  of  observed  peaks  are  also  plotted  for  selected  cases  identified  as  being  due  to  VI. I-  waves  front  a  ground-based 
transmitter  [ ImhnJ  et  at..  I983J.  to  waves  associated  with  lightning  [  Foss  el  al .  1 984  J.  or  lo  plasmaspheric  hiss  |  hnhul  et 
ai.  I9R2] 
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REPRESENTATIVE  ELECTRON  SPECTRA  (P78- 1 ) 


2  OCT  1979 
14783  5 

217  keV  L  =  2.26 

I  LONC  «=  107°E 


27  AUC  1979 
23313  s 
L  =  2.26 
,  LONC  =  7  3°E 


30  AUC  1979 
61175  s 
L  =  2.24 
LONG  =  99°E 

|  400  keV 


15  APR  1479 
21261  s 
L  =  2.26 
LONG  =  81°E 


22  APR  1979 
64776  5 
L  -  2.25 
LONC  =  99°E 


26  APR  1979 
5681  s 
L  -  2.23 
LONC  =  162°E 


ENERCV  (keV) 

Fig.  2.  Representative  examples  of  the  energy  spectra  of  electrons  observed  in  the  drift  loss  cone  from  the  P78-I  satellite. 

Best  fit  curves  to  the  data  points  are  shown. 


two,  was  sensitive  to  electrons  with  energies  greater  than  ~  I 
MeV.  The  stack  of  detectors  was  surrounded  on  all  but  the 
collimator  side  by  a  minimum  of  0.5  cm  of  tungsten  shielding 
to  reduce  background. 

The  satellite  payload  in  the  Stimulated  Emission  of  Energet¬ 
ic  Particles  (SEEP)  experiment  on  the  three-axis  stabilized 
S81-I  spacecraft  contained  an  array  of  cooled  silicon  solid 
state  detectors  to  measure  electrons  and  ions  directly  with 
high-sensitivity  and  fine  energy  resolution  [ Voss  et  al.,  1982]. 
The  electron  spectrometers  were  oriented  at  various  angles  to 
the  local  vertical.  In  this  paper,  use  is  made  of  two  electron 
spectrometers.  The  instrument  ME  I  at  a  zenith  angle  of  0° 
had  an  acceptance  angle  of  ±30°,  a  threshold  energy  of  45 
keV,  and  a  geometric  factor  of  2.47  cm2  sr.  The  spectrometer 
TE  2  at  90°  zenith  angle  had  an  acceptance  angle  of  ±  20°,  a 
threshold  of  6  keV,  and  a  geometric  factor  of  0.17  cm2  sr.  The 
SSI- 1  spacecraft  was  in  a  sun  synchronous  1030  and  2230 
local  time  polar  orbit  at  170-280  km,  traveling  southward 
during  the  daytime.  The  inclination  was  96.3°.  The  character¬ 
istics  of  the  electron  spectrometers  used  in  the  present  study 
are  summarized  in  Table  1. 

Presentation  and  Interpretation  of  Data 

Electrons  are  precipitated  from  the  slot  region  of  the  radi¬ 
ation  belts  by  VLF  waves  originating  from  various  sources 
and  spanning  a  broad  range  of  frequencies.  The  energies  of 
electrons  resonating  at  the  equator  with  waves  of  selected  fre¬ 
quencies  traveling  parallel  to  the  magnetic  field  lines  are  plot¬ 
ted  as  a  function  of  L  in  Figure  I.  Equatorial  plasma  densities 
of  3000  (L/2)“*  cm'1  have  been  assumed  [Chappell  el  al. 
1970].  For  comparison  the  central  energies  of  peaks  observed 


in  the  energy  spectra  of  electrons  at  various  L  values  and 
mirroring  at  low  altitudes  are  plotted  for  representative  passes 
of  a  satellite  when  the  interactions  were  identified  as  being  due 
to  VLF  waves  from  transmitters  [Imhnf  el  al..  1983],  to  waves 
associated  with  lightning  f  Voss  el  al  .  1984],  or  to  plasma- 
spheric  hiss  [Imhnf  el  at.  1982].  The  curves  are  calculated 
under  the  assumption  that  the  particle  scattering  occurs  pri¬ 
marily  at  the  equator  with  field-aligned  waves.  Although  this 
assumption  is  subject  to  question,  a  detailed  treatment  of  olT- 
equatorial  interactions  with  waves  propagating  at  finite  angles 
to  the  magnetic  field  is  beyond  the  scope  of  this  paper.  How¬ 
ever,  the  strong  tendency  of  data  such  as  those  plotted  in 
Figure  I  to  align  with  the  theoretical  curves  suggests  that  the 
major  interaction  occurs  as  assumed  here  In  any  case,  in  this 
paper  we  are  directly  comparing  the  spectra  observed  in  the 
drift  loss  cone  with  those  observed  during  bursts,  and  the 
detailed  nature  of  the  precipitation  mechanism  should  not 
have  a  major  impact  on  the  conclusions. 

Examples  of  the  energy  spectra  of  locally  trapped  electrons 
observed  near  L  =  2.25  in  the  drift  loss  cone  are  shown  in 
Figure  2  These  spectra  were  all  taken  from  the  P78-1  satellite 
at  central  pitch  angles  of  65' -1 15"  and  at  B  values  such  that 
the  electrons  precipitate  into  the  atmosphere  before  drifting  all 
the  way  around  the  earth.  Many  of  these  spectra  with  pro¬ 
nounced  peaks  are  typical  of  those  observed  in  the  drift  loss 
cone  in  association  with  plasmaspheric  hiss  [  Imhol  el  al., 
1982]  For  completeness,  two  examples  of  spectra  without 
peaks  are  also  given.  Best  fit  curves  to  the  data  points  are 
shown  From  the  P78-I  satellite,  peaked  energy  spectra  were 
observed  in  62"t.  of  (he  cases,  although  this  percentage  is  only 
approximate  due  to  the  subjective  nature  of  the  criteria  for 
establishing  the  presence  of  a  peak 
77- 
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SHORT  DURATION  EVENTS  (SSI-1) 
•  NICHT 
o  DAY 


180*  NORTH  180°  NORTH 


•  » 

LONGITUDE  (deg  E)  LONGITUDE  (deg  E) 


Fig.  3.  The  geographic  latitude/longitude  coordinates  of  short  duration  electron  precipitation  events.  Separate  plots  are 
provided  for  those  observed  in  the  daytime  and  nighttime  and  the  north  and  south,  respectively. 


We  now  wish  to  compare  the  electron  energy  spectra  nor¬ 
mally  observed  in  the  drift  loss  cone  with  those  associated 
with  short  bursts  of  electron  precipitation.  The  time  structures 
of  the  latter  events  are  similar  to  those  of  the  lightning- 
induced  electron  precipitation  events  presented  by  Voss  et  al. 
[1984]  or  to  the  precipitation  patterns  that  might  be  associ¬ 
ated  with  chorus  bursts  [Oliven  and  Garnett,  1968].  The  LEP 
events  observed  by  Voss  et  al.  [1984]  had  the  following  fea¬ 
tures:  (1)  a  rapid  rise  of  electron  flux  (<0.2  s),  (2)  the  subse¬ 
quent  and  relatively  slow  decay  of  the  flux  (  —  2  s),  (3)  repeti¬ 
tive  pulses  of  constant  period  ( —  0.3  s)  within  the  overall  2-s 
decay,  (4)  the  greater  intensity  of  the  near-900  pitch  angle  flux 
compared  with  the  near-0°  pitch  angle  flux,  and  (5)  the  peaked 
energy  spectra  (—150  keV).  The  electron  microbursts  reported 
by  Oliven  and  Gurnett  [1968]  were  characterized  by  fast  fluc¬ 
tuations  on  a  time  scale  of  —0.5  s.  The  microbursts  were 
always  accompanied  by  a  group  of  VLF  chorus  emissions 
which  consisted  of  closely  spaced  discrete  bursts,  usually  rising 
in  frequency  in  the  range  —0.5-6  kHz,  with  individual  bursts 
typicany  having  a  duration  of  a  few  tenths  of  a  second  Events 
in  which  the  fluxes  of  electrons  display  a  rapid  increase  with 
time  (about  1  s  or  less)  are  probably  not  associated  with  plas- 
maspheric  hiss,  which  typically  has  much  slower  temporal 
variations 

Extremely  narrow  peaks  of  the  type  produced  by  VLF 
transmitters  [ Vampola  and  Kuck,  1978;  Imhof  et  al .  1983] 
have  not  been  found  in  the  S81-I  slot  region  data.  However. 


those  spectra  in  which  no  peaks  were  present  might  have  been 
produced  by  transmitters  if  the  interaction  region  was  broad 
and  not  near  the  equator,  as  suggested  by  Vampola  [  1977] 

We  have  compiled  energy  spectra  recorded  from  the  S81-I 
satellite  in  the  slot  region  during  precipitation  events  which 
have  the  following  characteristics:  (1)  at  least  a  factor  of  2 
increase  in  counting  rate  of  the  ME  I  spectrometer,  (2)  a  fast 
rise  time  (1  s  or  less),  and  (3)  a  decay  time  of  less  than  7  s 
These  events  were  most  efficiently  observed  from  the  oriented 
satellite  S81-1,  as  the  5.5-s  spin  period  of  P78-I  obscured  time 
variations  of  a  few  seconds'  duration.  Short  duration  events 
meeting  the  foregoing  criteria  were  observed  from  the  SSI  I 
spacecraft  in  both  the  bounce  and  drift  loss  cones  To  obtain 
the  energy  spectra  of  the  burst  electrons,  a  subtraction  was 
made  of  the  backgrounds  taken  just  before  or  after  the  events 
Some  of  the  spectra  showed  well-defined  maxima,  whereas 
others  decreased  monotonicallv  with  energy 

From  a  survey  of  the  data  taken  in  the  range  /.  =  2  ’  on 
the  S8I-I  satellite  a  total  of  222  electron  precipitation  events 
of  short  duration  were  found  that  met  the  above-mentioned 
criteria  Of  these.  102  occurred  on  the  davside.  and  120  on  the 
mghtside  Since  the  satellite  was  in  a  1030  and  2230  local  time 
orbit,  the  magnetic  local  time  crossings  of  the  I.  -  2  1  region 
were  confined  to  the  near  neighborhood  of  those  times  Plots 
of  'he  geographic  coordinates  of  the  davside  and  mghtside 
events  are  shown  in  Figure  3.  where  data  from  the  northern 
and  southern  hemispheres  are  plotted  separatelv  I  he  number 
-  I  78- 
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Distributions  in  l.  of  the  short  duration  events,  separately  at 
night  and  in  the  daytime. 


of  dayside  and  nightside  passes  examined  in  the  data  set  was 
4854  and  4773,  respectively,  and  their  distribution  in  longitude 
was  nearly  uniform.  The  plots  in  Figure  3  therefore  represent 
to  a  reasonable  degree  the  distribution  in  occurrence  fre¬ 
quency  of  short  duration  precipitation  events.  The  nightside 
events  occurred  preferentially  in  the  northern  hemisphere  at 
longitudes  between  ~250  E  and  ~-320'E,  a  region  of  known 
lightning-induced  electron  precipitation  activity  [Foss  el  al., 
1985a].  This  enhancement  may  reflect  both  the  spatial  distri¬ 
bution  in  the  occurrence  frequency  of  lightning  strokes  during 
the  summer  and  fall  months,  when  most  of  the  data  were 
acquired,  and  the  altitude  oflset  of  the  magnetic  field  lines  and 
the  associated  lower  detector  backgrounds.  For  the  higher 
frequency  waves  associated  with  lightning  (  -  5  kHzl  the  trans¬ 
mission  through  the  ionosphere  is  known  to  be  greater  on  the 
nightside  by  as  much  as  5  8  dB  [Hellihell,  1965]  One  there¬ 
fore  expects  the  lightning-induced  electron  precipitation  to  be 
primarily  a  nightside  phenomenon,  unless  the  occurrence  fre¬ 
quency  were  much  greater  in  the  daytime  or  the  wave  growth 
were  so  strong  that  the  input  wave  intensity  was  not  very 
important  The  diurnal  variation  of  lightning  on  a  worldwide 
basis  is  not  well  known,  but  in  central  Europe  the  probability 


of  thunderstorm  activity  at  2230  local  time  is  lower  than  that 
at  1030  local  time  by  a  factor  of  about  2  [Israel.  1973]  As¬ 
suming  the  same  diurnal  variation  to  apply  to  other  conti¬ 
nents.  the  higher  transmission  through  the  ionosphere  at 
nighttime  leads  to  a  domination  of  the  lightning-induced  elec¬ 
tron  precipitation  at  nighttime. 

VLF  chorus  occurs  predominantly  between  midnight  and 
1600  local  time  [Tsururam  and  Smith.  1977]  The  abrupt  onset 
of  chorus  in  the  postmidnight  sector  would  not  contribute 
significantly  to  the  nightside  data  from  the  S8I-1  spacecraft, 
since  these  observations  occurred  at  about  2230.  It  is  therefore 
suspected  that  many  of  the  dayside  events  are  associated  with 
chorus  bursts.  Although  chorus  emissions  occur  predomi¬ 
nantly  outside  the  plasmapause,  they  have  been  obser\ed  at 
invariant  latitudes  below  45"  or  at  L  shells  below  2  [Olnen 
and  Gurnett.  1968],  The  short  duration  electron  bursts  are 
assumed  not  to  be  caused  by  hiss,  which  generally  shows  no 
substantial  change  in  its  spectrum  or  intensity  for  periods  of 
minutes  or  even  hours.  "Impulsive"  hiss  with  marked  vari¬ 
ations  in  amplitude  over  periods  of  the  order  of  I  s  occurs 
only  occasionally  [ Helliwell ,  1965],  Of  course,  for  present  pur¬ 
poses  the  terminology  applied  to  short  duration  wave  events  is 
unimportant. 

In  Figure  4  the  number  of  events  have  been  divided  into  I. 
shell  intervals  of  0.1  unit  each.  The  fractional  occurrence  of 
events  in  each  interval  can  be  obtained  from  dividing  the 
number  plotted  by  4854  for  daytime  or  4773  for  nighttime 
passes,  respectively.  The  statistical  uncertainties  are  indicated 
in  each  case.  It  can  be  seen  that  within  the  interval  2  <  /.  <  3 
the  dayside  events  tended  to  occur  more  often  on  higher  L 
shells,  whereas  the  nightside  events  spanned  that  region  more 
uniformly.  The  predominance  of  the  dayside  events  at  the 
higher  end  of  the  region  L  -  2  3  is  consistent  with  the  origin 
being  chorus,  which  is  very  common  beyond  the  plasmapause 
[Burtis  and  Helliwell.  1975:  Tsurutatti  and  Smith.  1977] 

Corresponding  to  the  peaks  observed  in  the  energy  spectra, 
the  equivalent  wave  frequencies  have  been  calculated  for 
waves  traveling  parallel  to  the  magnetic  field  lines.  First-order 
cyclotron  resonance  interactions  have  been  assumed  to  occur 
at  the  equator  with  a  cold  plasma  density  taken  to  be  3000 
<L/2r4  cm-3  The  distributions  of  the  equivalent  frequencies 
are  shown  in  Figure  5  with  the  statistical  uncertainties  indicat¬ 
ed.  The  dayside  and  nightside  distributions  are  similar,  al¬ 
though  the  fast  rise  events  at  night  appear  to  show  a  greater 
concentration  near  4  kHz. 

The  rising  frequency  character  of  chorus  should  manifest 
itself  in  'he  electron  spectra  as  a  peak  energy  that  decreases 
with  increasing  time.  This  property  of  the  electron  energy 
spectra  has  been  investigated  by  considering  the  time  depen¬ 
dence  of  the  ratios  of  electron  fluxes  above  various  threshold 
energies  In  Figure  6  the  ratios  of  flux  above  )(X)  koV  to  (lux 
above  45  keV  arc  plotted  as  a  function  of  time  for  three  night¬ 
side  and  three  dayside  events.  To  achieve  better  statistical 
accuracies,  the  spectral  ratios  were  taken  from  the  TC  2  spec¬ 
trometer  at  9()  zenith  angle,  but  the  short  events  were  ob¬ 
served  in  both  the  TE  2  and  ME  I  spectrometers  and  hence  in 
both  the  bounce  and  drift  loss  cones  The  spectral  variations 
with  time  are  therefore  believed  not  to  result  from  drift  disper¬ 
sion  effects.  These  events  were  selected  from  69  cases  with 
high -intensity  enhancements  in  the  TE  2  detector  and  hence 
good  statistical  accuracies  in  the  ratios  From  that  group.  In 
had  well  defined  trends  for  either  hardening  or  soltenine  over 
a  time  interval  spanning  the  maximum  counting  late  Fiehl  o! 
the  nine  nightside  cases  had  a  tatio  increasing  with  time,  and 
■179- 
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Fig.  5.  Distributions  in  equivalent  frequencies  of  the  waves  responsible  for  the  observed  peaks  in  the  electron  spectra 
The  waves  are  assumed  to  be  traveling  parallel  to  the  magnetic  field  lines,  and  a  plasma  density  of  3000  {L;2)  4  cm  '  h  o 
been  used.  * 

all  seven  of  the  dayside  cases  had  a  ratio  decreasing  with  time,  of  B  at  the  point  of  observation  is  shown  in  the  upper  section 

In  each  section  of  the  figure  the  counting  rates  of  electrons  of  the  figure.  When  B  is  greater  than  0  31.  the  minimum  drift 

above  45  keV  are  plotted  below  the  ratios.  The  statistical  altitude  of  the  observed  electrons  is  less  than  o  km.  and  t tic- 

uncertainties  associated  with  each  ratio  are  indicated,  but  they  electrons  precipitate  into  the  atmosphere  sometime  during 
are  not  shown  for  the  counting  rates,  since  the  errors  fall  their  longitude  drift  All  such  electrons  arc  in  the  lintt  loss 

within  the  data  point  symbols.  For  the  dayside  events  the  cone.  From  the  figure  it  is  clear  that  at  these  /  'nines  ,  ■•it- 

decreasing  ratio  with  increasing  time  is  consistent  with  a  rising  cant  fluxes  of  drift  loss  cone  electrons  arc  ohser'  1  n  -t 
frequency,  as  observed  in  most  chorus  events.  This  trend  is  longitudes.  Only  in  the  northern  hemisphere  .it  p  .  m 
relatively  small  but  nonetheless  beyond  the  statistical  uncer-  gate  to  the  South  Atlantic  Anomaly  arc  the  au"  ■  •> 

tainties.  On  the  other  hand,  the  nightside  events  often  show  an  very  low. 

increasing  ratio  with  increasing  time,  which  indicates  a  falling  To  examine  whether  the  drift  loss  cone  electron'  '  "t  a 
frequency  with  time.  The  latter  pattern  is  a  characteristic  of  significant  portion  of  those  being  precipitated  li "in  the  r.uh 
whistlers.  The  dynamic  spectra  of  precipitating  electrons  as-  ation  belt,  we  have  calculated  the  total  loss  rate'  into  the 

sociated  with  lightning  events  have  been  studied  in  detail  atmosphere.  Knowing  the  detailed  pitch  angle  distributions 

[Voss  et  al.,  1985a]  and  a  spectral  hardening  from  100  to  350  and  energy  spectra  of  electrons  at  600-km  altitude,  one  can 

keV  with  increasing  time  was  clearly  present.  For  all  of  the  compute  the  instantaneous  loss  rate  of  electrons  into  the  at- 

examplcs  presented  here  the  dayside  events  showed  a  soften-  mosphere  The  measurements  used  for  this  purpose  "ere  por¬ 
ing  with  time,  whereas  a  hardening  was  observed  in  the  night-  formed  with  the  PRM  004  instrument,  which  has  a  *  '  col- 

time  cases,  as  expected  for  chorus  and  lightning  events,  respec-  limator  half  angle  and  a  ~  2'  spin  accumulation  inter '  al.  lead- 

lively.  However,  for  53  of  the  69  cases,  or  approximately  77%.  mg  to  an  overall  angular  resolution  of  ±4  I  lie  geometric 

there  appeared  no  significant  spectral  trend  in  either  direction  factor  of  this  spectrometer  is  relatively  small  l  -  nooi  cur  srk 

over  the  time  interval  of  concern  and  it  was  generally  necessary  to  combine  data  Iron  several 

A  statistical  study  has  been  performed  of  the  energy  spectra  spins  and  from  more  than  one  satellite  pass  throueh  a  region 

of  electrons  measured  in  the  drift  loss  cone  At  low  altitudes  of  interest  to  obtain  adequate  statistical  accuracies  lvpn.il 

such  electrons  are  observed  at  most  longitudes,  as  illustrated  pitch  angle  distributions  obtained  bv  these  means  are  shown 

in  Figure  7.  In  this  figure  the  fluxes  of  locally  mirroring  elec-  in  Figure  8  for  three  longitude  intervals  in  the  southern  lietin 

trons  of  >  68  keV  in  the  range  2.5  <  l.  <  2  6  and  at  an  alii-  sphere  Two  of  the  distributions  are  at  local  noon  wln-re.i' the 

tude  of  s 6<X)  km  are  plotted  as  a  function  of  longitude,  sepa-  fluxes  at  longitudes  cast  of  the  anomaly  were  measured  al 

rately  in  the  northern  and  southern  hemispheres  These  values  night  Each  of  these  distributions  is  taken  from  live  to  eielil 

are  averages  recorded  over  each  longitude  interval  I  he  value  satellite  passes  Clearly,  the  pitch  angle  distributions  ate  wider 
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Fig  6  Ratios  of  the  fluxes  of  electrons  above  UK'  keV  to  those  above  4?  keV  in  the  TF  2  spectrometer  plotted  as  a 
function  of  time  for  representative  dayside  and  mghtside  events  Also  plotted  in  each  section  are  the  counting  rates  of 
electrons  above  45  keV 


for  electrons  in  the  drift  loss  cone  at  the  western  edge  of  the 
anomaly  than  for  the  more  stably  trapped  electrons  observed 
in  the  heart  of  the  anomaly 

The  observed  pitch  angle  distributions  at  several  longitudes 
were  combined  with  the  absolute  intensities  and  energy  spec¬ 
tra  extrapolated  to  10  keV  to  calculate  the  total  loss  rates  of 
electrons  into  the  atmosphere  [Waft  el  al.  I96X|  These  loss 
rates  at  L  =  2  5  are  plotted  in  Figure  9  as  a  function  of  Ion 
gitude  for  electrons  precipitating  in  the  southern  hemisphere 
For  each  longitude  interval,  data  were  taken  from  a  variety  of 


satellite  passes  (six  on  the  averagel  during  both  magnetically 
active  and  quiet  conditions  I  he  error  bars  represent  the  range 
of  energv  depositions  corresponding  to  the  limits  of  the  pitch 
angle  distributions  (or  individual  passes  at  a  given  longitude 
Although  the  present  results  exhibit  large  variations,  the 
derived  electron  loss  rates  are  consistent  with  the  measured 
lifetimes  Since  the  pitch  angle  distributions  are  peaked  at  St)  . 
the  loss  rates  in  Figure  '•  ate  primarily  due  to  electrons  near 
the  edge  of  the  loss  cone  the  loss  rates  from  electrons  well 
within  the  bounce  loss  cone  make  onlv  a  small  contribution  to 
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Fig.  7.  Fluxes  of  electrons  >68  keV  from  the  P78-I  satellite  at  l.  -  2.5-2  6  plotted  as  a  function  of  longitude  The  points 
shown  are  average  values  recorded  over  each  longitude  interval. 


the  longitude  and  hemisphere  averages,  the  greatest  loss  rates 
occurring  in  the  south  at  longitudes  near  the  South  Atlantic 
Anomaly. 

The  energy  deposition  rate  averaged  over  all  longitudes  in 
the  southern  hemisphere  at  L  -  2.5  is  10" 3  ergs/cm2  s, 
whereas  the  rate  in  the  north  is  much  less.  Equivalently,  the 
average  loss  rate  for  electrons  in  the  southern  hemisphere  is 
6  x  I03  el/cm2  s.  Taking  an  equatorial  flux  of  1.7  x  I08 
el/cm2  s  at  L  -  2.5,  the  number  of  electrons  in  the  tube  of  unit 
area  at  the  top  of  the  atmosphere  is  I09  el/cm2.  A  loss  rate  of 
6  x  103  el/cm2  s  therefore  implies  a  lifetime  of  1.9  days.  With 
allowance  for  the  uncertainties  this  value  is  consistent  with 
measured  lifetimes  of  —  5  days  at  L  =  2.5  for  electrons  in  the 
few  hundred  keV  range  as  measured  by  Vampola  [Lyons  et 
al.,  1972]  or  the  return  of  poststorm  fluxes  to  their  prestorm 
levels  within  a  few  days  [Lyons  and  Williams,  1975],  West  et 
al.  [1981]  measured  lifetimes  of  ~(5-l  1)  days  at  L  =  2.5.  Sub¬ 
sequent  to  the  flux  buildup  associated  with  magnetic  activity 
the  mid-latitude  electron  flux  was  observed  by  Foss  el  al. 
[19856]  to  decrease  with  an  e-folding  time  of  about  5  days 
These  comparisons  indicate  that  the  electrons  observed  in  the 


drift  loss  cone  represent  a  major  fraction  of  those  being  lost 
from  the  slot  region.  Electron  energy  deposition  rates  at 
various  longitudes  have  also  been  derived  by  l  ampnla  and 
Gorney  [1983]  based  on  measurements  from  the  S3-2  satellite 
of  locally  precipitating  electrons.  Their  energy  depositions, 
which  apply  to  36-  to  317-keV  electrons,  show  less  variation 
with  longitude  than  Figure  9  and  are  a  factor  of  about  5 
lower. 

The  distributions  of  the  central  energies  of  the  spectral 
peaks  observed  under  various  conditions  at  L  =  2  25  are 
shown  in  Figure  10.  Similar  plots  are  provided  in  Figures  II 
and  12  for  L  —  2.50  and  2  75,  respectively  These  L  values 
have  been  selected  to  span  the  range  L  =  2  3.  which  is  repre¬ 
sentative  of  the  slot  region  For  cither  the  daytime  or  night¬ 
time  distributions  the  median  peak  energies  in  ihc  drift  loss 
cone  decrease  somewhat  with  increasing  L  value,  although  ihc 
decrease  is  not  as  rapid  as  the  decrease  in  resonant  energy 
with  L  for  constant  frequency  This  observation  may  reflect  a 
greater  importance  of  lower  frequency  waves  at  higher  L 
values  For  intercomparison  the  distributions  in  peak  energies 
are  shown  separately  for  short  duration  precipitation  events 
182- 
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PITCH  ancle 

Fig.  8.  Pitch  angle  distributions  observed  from  the  P78-I  satellite  at 
~600-km  altitude  over  each  of  three  different  longitude  intervals. 


observed  at  170  280  km  altitude  and  for  the  more  persistent 
drift  loss  cone  electrons  observed  at  similar  altitudes  from  the 
S81-I  satellite  or  at  600  km  from  the  P78- 1  spacecraft  The 
short  duration  events,  which  are  in  both  the  bounce  and  drift 
loss  cones,  are  plotted  only  for  data  taken  on  the  oriented 
spacecraft,  since  they  could  not  be  observed  efficiently  from 
the  spinning  satellite.  The  spectra  for  short  duration  events 
were  summed  over  time  intervals  of  1-3  s.  the  exact  duration 
selected  on  the  basis  of  the  amplitude  profile.  The  peak  ener¬ 
gies  were  obtained  empirically  from  the  spectra,  and  no  special 
effort  was  devoted  to  distinguishing  the  equatorial  and  olf- 
equatorial  contributions  Clearly,  at  each  of  the  L  shells,  most 
of  the  peaks  associated  with  short  duration  events  tend  to  he 
at  lower  energies  than  most  of  those  observed  in  the  drift  loss 
cone,  although  there  is  some  overlap.  This  dilference  in  energy 
is  more  pronounced  at  the  higher  /.  shells  These  spectral 
difTerences  are  consistent  with  the  importance  of  the  plasma- 
spheric  hiss  mechanism  for  producing  the  drift  loss  cone  elec¬ 
tron  distribution,  since  hiss  typically  is  of  lower  frequency 
than  whistlers  and  will  resonate  with  higher  energy  electrons, 
in  all  of  the  drift  loss  cone  examples  in  Figures  10,  1 1,  and  12. 
peaks  were  observed  in  57%  of  the  nighttime  and  64%  of  the 
daytime  energy  spectra.  For  the  short  duration  hursts  the 
equivalent  fractions  were  47%  and  70%  of  the  nighttime  and 
daytime  cases,  respectively. 

When  comparing  the  distributions  of  peak  energies  in  Fig¬ 
ures  10,  II,  and  12.  one  should  note  that  the  P78-I  data  have 
a  threshold  of  68  keV.  while  the  S81-I  data  correspond  to  a 
threshold  of  6  kcV.  This  threshold  dill'crcncc  could  lead  to  an 
apparent  higher  average  energy  for  the  P78-I  distribution 
However,  using  only  S8I-I  data  for  burst  fluxes  and  the  drift 
loss  cone  fluxes  leads  to  the  conclusions  mentioned  above. 


EAST  LONGITUDE  (DECI 

Fig  9  The  average  rate  of  deposition  <4  energy  into  the  atmosphere  in  the  southern  hemisphce  plotted  as  i  hiiKtion 
of  longitude  at  L  =  2  5  For  each  Jongjtude  interval,  data  were  taken  during  both  active  and  quiet  condition',  the  error 
bars  are  estimated  uncertainties  _ina 
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diurnal  variation  in  the  ionospheric  transmission  becomes 
very  small,  and  one  would  therefore  expect  the  da> -to-night 
ratio  to  be  close  to  unity  if  the  occurrence  rate  of  the  source 
were  independent  of  local  time  Since  the  ratio  is  greater  than 
unity  at  frequencies  near  I  kHz.  it  is  concluded  that  such 
waves  occur  more  often  in  the  daytime.  Although  the  diurnal 
variations  of  ELF/VLF  waves  near  the  equator  are  not  well 
known,  existing  observations  suggest  that  their  intensities  in¬ 
crease  in  the  early  daylight  hours  [eg,  Barrington  et  al..  1971 ; 
Dunckel  and  Helliwell,  1969],  The  present  data  are  consistent 
with  such  a  diurnal  variation  An  increased  intensity  in  the 
daytime  also  applies  to  VLF  chorus  emissions,  which  may 
contribute  significantly  to  the  drift  loss  cone  fluxes  at  T  >  2.5 
Chorus  has  been  found  to  favor  strongly  times  near  1050 
MLT  in  comparison  to  2230  MLT  [Luette.  1983]  On  the 
other  hand,  from  the  S8I-I  data  the  short  duration  events  at 
L  <  2.5  have  been  found  to  occur  less  often  in  the  daytime 
than  nighttime.  This  suggests  that  the  nightside  events  are 
more  associated  with  lightning  than  chorus. 

Summary 

From  a  survey  of  short  duration  precipitation  events  it  has 
been  found  that  the  nightside  events  occurred  primarily  in  the 
northern  hemisphere  and  preferentially  at  longitudes  between 
about  250  E  and  about  320  E.  This  interval  is  a  region  of 


ENERCY  (keV) 

Fig  10  The  distributions  in  central  peak  energies  observed  from 
the  EEM  002  spectrometer  on  the  P78-I  spacecraft  and  the  TE  2 
spectrometer  on  the  S81-1  satellite  under  various  conditions  at 
L  =  2.126-2.375. 

One  characteristic  of  the  peaks  in  the  energy  spectra  of 
electrons  in  the  drift  loss  cone  is  that  the  median  energies  are 
higher  on  the  dayside  than  at  nighttime.  This  difference  could 
reflect  diurnal  variations  in  the  cold  plasma  densities.  How¬ 
ever,  from  a  statistical  study  of  a  large  body  of  whistler  data 
Park  et  al.  [1978]  found  that  for  L  >  3,  diurnal  effects  are 
obscured  by  relatively  large  day-to-day  variations  in  the 
plasma  density  due  to  storm  and  substorm  effects. 

The  diurnal  variation  in  the  occurrence  frequency  of  spec¬ 
tral  peaks  in  the  drift  loss  cone  has  been  investigated  based  on 
the  distributions  shown  in  Figures  10,  11,  and  12  For  each 
energy  interval  the  day-to-night  ratio  of  the  percentage  of 
passes  with  peaks  has  been  derived  These  ratios  are  presented 
in  Figure  13,  where  the  energy  intervals  have  been  converted 
to  equivalent  wave  frequency  intervals  for  first-order  cyclotron 
resonance  taking  place  near  the  equator  Again  it  has  been 
assumed  that  the  waves  are  traveling  parallel  to  the  magnetic 
field  lines  and  that  the  cold  plasma  density  is  given  by  the 
empirical  value  3(XM)  IT  2) '  *  cm  3  The  data  from  each  of  (lie 
two  satellites  P78-I  and  S8I-I  clearly  indicate  a  trend  for  the 
day-to-night  ratio  to  decrease  with  increasing  frequency  A 
ratio  less  than  1  0  at  frequencies  above  ~3  kHz  is  consistent 
with  the  lower  transmission  of  such  waves  through  the  dav- 
time  ionosphere  and  therefore  suggests  that  these  waves  may 
have  originated  below  the  ionosphere,  as  in  the  case  of  light¬ 
ning  or  transmitter-generated  waves  At  lower  frequencies  the 
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Fig  12.  The  distributions  in  central  peak  energies  observed  from 
the  F.EM  002  spectrometer  on  #the  P78-I  spacecraft  and  the  Tl 
spectrometer  on  the  SSI -I  satellite  under  various  conditions  at 
L  =  2.626-  2  875 


preferred  lightning  activity,  especially  in  the  summer  and  fall 
months,  when  most  of  the  data  were  acquired.  Although  in 
this  longitude  interval,  short  duration  events  were  observed 
much  more  often  at  nighttime  than  was  true  a',  other  lon¬ 
gitudes,  the  frequency  of  occurrence  of  dayside  events  was  not 
enhanced.  This  behavior  is  consistent  with  a  low  transmission 
of  lightning-induced  waves  through  the  ionosphere  in  the  day¬ 
time.  Other  diurnal  differences  were  cleanly  present,  such  as 
the  higher  L  shell  preference  within  the  range  2  <  L  <  3  for 
dayside  events  and  the  more  uniform  distribution  of  mghtsidc 
events.  The  combined  diurnal,  longitude,  and  L  shell  vari¬ 
ations  of  the  short  duration  bursts  are  consistent  with  the 
nighlside  events  being  predominant^  associated  with  light¬ 
ning  and  the  dayside  events  being  caused  bv  chorus 

f  rom  calculations  of  the  total  loss  rates  of  electrons  m  the 
drift  loss  cone  based  on  pitch  ancle  distribution  and  cnergv 
spectrum  measurements  we  conclude  that  electrons  in  the  drift 
loss  cone  represent  a  signilicanl  fraction  of  those  lost  from  the 
slot  region  Within  the  slot  region  the  peaks  associated  with 
drift  loss  came  electrons  lend  to  be  at  higher  energies  than 
those  observed  in  short  duration  events  Barring  unexpected 
and  pronounced  differences  between  these  classes  of  precipi¬ 
tation  tn  the  position  of  interaction  relative  to  the  equator  or 
the  propagation  angles  of  the  waves,  this  finding  suggests  that 
most  of  the  precipitating  electrons  mtc«  ted  into  the  drill  loss 
cone  bv  wave  particle  interactions  involve  waves  o!  lower  Ire 
quencies  and  hence  higher  resonant  electron  energies  than  do 
the  waves  associated  -vith  ihe  hort  duration  hehtning  or 
chorus  Such  w.ivrs  ire  pi  'Kih'v  ptc  1  "»"n  oulv  cited 

with  pLisniasphen.  hiss  (  »•>  'be  •  «ii>e*  hand  there  is  some 
overlap  between  the  iwo  .hst*  tv  i  peak  cnergv  and 

hehtning  mav  plav  i  r-'ie  -r*  p»  *;4*  •  ’  >!r  . .t(,'i"  tr  "it  'he 
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Electron  Precipitation  Bursts  in  the  Nighttime  Slot  Region  Measured 
Simultaneously  From  Two  Satellites 


W.  L.  Imhof,  H.  D.  Voss,  J.  Mobilia,  and  E,  E.  Gaines 


Lockheed  Palo  Alto  Research  Laboratory,  Palo  Alto,  California 


D.  S.  Evans 
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Based  on  data  acquired  in  1982  with  the  Stimulated  Emission  of  Energetic  Particles  payload  on  the 
low-altitude  (170-280  km)  S8I-I  spacecraft  and  the  Space  Environment  Monitor  instrumentation  on  the 
NOAA  6  satellite  (800-830  km),  a  study  has  been  made  of  short -duration  nighltime  electron  precipitation 
bursts  at  L  =  2.0-3.5.  From  54  passes  of  each  satellite  across  the  slot  region  simultaneously  in  time,  21 
bursts  were  observed  on  the  NOAA  6  spacecraft,  and  76  on  the  S81-1  satellite.  Five  events,  probably 
associated  with  lightning,  were  observed  simultaneously  from  the  two  spacecraft  within  12  s,  providing  a 
measure  of  the  spatial  extent  of  the  bursts.  This  limited  sample  indicates  that  the  intensity  of  precipi¬ 
tation  events  falls  off  with  width  in  longitude  and  L  shell  but  individual  events  extend  as  much  as  5  in 
invariant  latitude  and  43°  in  longitude.  The  number  of  events  above  a  given  flux  observed  in  each 
satellite  was  found  to  be  approximately  inversely  proportional  to  the  flux.  The  time  average  energy  input 
to  the  atmosphere  over  the  longitude  range  I80°E  to  360'  E  at  a  local  time  of  2230  directly  from 
short-duration  bursts  spanning  a  wide  range  of  intensity  enhancements  was  estimated  to  be  about 
6  x  10_>  ergs/cm1  s  in  the  northern  hemisphere  and  about  1.5  x  10“ 5  ergs/cm1  s  in  the  southern 
hemisphere.  In  the  south,  this  energy  precipitation  rate  is  lower  than  that  from  electrons  in  the  drift  loss 
cone  by  about  2  orders  of  magnitude.  However,  on  the  basis  of  these  data  alone  we  cannot  discount 
weak  bursts  from  being  a  major  contributor  to  populating  the  drift  loss  cone  with  electrons  which 
ultimately  precipitate  into  the  atmosphere. 


Introduction 


Electrons  are  known  to  be  precipitated  from  the  radiation 
belts  in  short-duration  bursts  by  lightning-induced  waves 
based  on  theory  [Dungey,  1963;  Cornwall.  1964;  Roberts, 
1966],  rocket  measurements  [Rycroft,  1973;  Goldberg  et  al., 
1986],  Trimpi  events  [ Carpenter  et  al.,  1984],  and  satellite 
measurements  [Toss  et  al.,  1984;  Imhof  et  al.,  1986].  Chorus 
events  [Oliven  and  Gurnet t,  1968]  also  play  a  role  in  precipi¬ 
tating  electrons.  Important  characteristics  of  a  given  event  are 
the  intensity,  the  energy  spectrum,  the  pitch  angle  scattering, 
and  the  spatial  extent  in  L  shell  and  longitude.  This  infor¬ 
mation  is  needed  for  assessing  the  total  number  of  electrons 
precipitated,  for  studying  the  propagation  in  longitude  or  L 
shell  of  the  responsible  waves,  and  for  assessing  the  effects  on 
radio  wave  propagation  of  the  associated  ionospheric  changes. 
The  intensities  and  energy  spectra  of  a  few  events  identified 
with  lightning  were  measured  by  Voss  et  al.  [1984],  In  that 
paper,  some  indications  were  obtained  of  the  spatial  extents, 
since  the  events  were  recorded  on  the  ground  level  as  whistlers 
and  the  precipitating  electrons  were  observed  2000  km  away 
in  longitude  on  a  satellite.  However,  precise  knowledge  of  the 
spatial  extents  of  the  events  was  limited  by  the  fact  that  the 
precipitation  was  measured  directly  at  only  one  location.  In¬ 
formation  on  the  intensities  and  spatial  extents  of  lightning- 
induced  electron  precipitation  can,  in  principle,  be  obtained 
from  study  of  Trimpi  events  [Carpenter  et  al.,  1984],  but  gen¬ 
erally,  there  are  uncertainties  involved  in  the  interpretation  of 
those  data.  The  most  direct  approach  for  obtaining  this  infor¬ 
mation  is  to  measure  the  precipitating  electrons  directly. 


The  energy  spectra  of  short-duration  events  were  recently 
studied,  using  data  from  the  SEEP  experiment  on  the  S81-1 
satellite  [Imhof  et  al..  1986],  The  objective  of  that  investi¬ 
gation  was  to  assess  the  importance  of  such  events  as  a  loss 
mechanism  for  slot  region  electrons  based  on  the  presence  of 
L-dcpcndent  peaks  in  the  spectra.  The  observable  bursts  were 
found  not  to  account  for  the  bulk  of  the  precipitation.  Evalu¬ 
ations  of  the  importance  of  short-duration  bursts  can  also  be 
made  on  the  basis  of  the  measured  occurrence  frequency,  spa¬ 
tial  size,  and  electron  flux  distributions.  In  this  paper  we  have 
studied  the  spatial  sizes  of  electron  bursts  by  analyzing  parti¬ 
cle  measurements  performed  simultaneously  from  the  S8I-I 
and  NOAA  6  satellites  at  local  night  and  at  times  when  both 
spacecraft  were  in  the  L  shell  range  where  such  events  are 
most  commonly  observed,  L  =  2.CL  3,5  These  bursts  are  prob¬ 
ably  associated  with  lightning  [Toss  et  al..  1984;  Imhof  et  al.. 
1986],  This  study  has  encompassed  weaker  events  than  those 
considered  in  the  earlier  investigation,  and  for  the  first  time 
the  intensity  distribution  of  the  short-duration  bursts  has  been 
obtained. 
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The  data  presented  here  were  acquired  in  the  time  period 
June  December  1982  with  electron  spectrometers  placed  on 
the  SR  I- 1  and  the  NOAA  6  satellites  The  SSI- 1  spacecraft 
was  three-axis  stabilized  in  a  sun-svnehronous  polar  orbit  at 
low  altitude  (170  280  km),  which  was  phased  so  that  the  satel¬ 
lite  crossed  the  equator  northbound  at  a  local  time  of  approxi¬ 
mately  2230  It  carried  the  Stimulated  Emission  of  Energetic 
Particles  (SEEP)  experiment,  which  contained  an  array  of 
cooled  silicon  solid  state  detectors  to  measure  electrons  and 
ions  directly  with  high  sensitivity  and  line  energy  resolution 
[Toss  et  al,  1 982 ]  The  electron  spectrometers  were  oriented 
at  various  angles  to  the  local  vertical  and  covered  energies  up 
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to  about  1  MeV.  In  this  study,  use  is  made  of  three  electron 
spectrometers.  The  instrument  ME  1  at  a  zenith  angle  of  0° 
had  an  acceptance  angle  of  +  30°,  a  threshold  energy  of  45 
keV.  and  a  geometric  factor  of  2.47  cm2  sr.  The  spectrometer 
TE  2  at  90"  zenith  angle  had  an  acceptance  angle  of  +20°,  a 
threshold  of  6  keV,  and  a  geometric  factor  of  0.17  cm2  sr.  The 
spectrometer  LE  5  was  oriented  at  a  zenith  angle  of  50°,  had 
an  acceptance  angle  of  ±20",  a  threshold  energy  of  about  2 
keV,  and  a  geometric  factor  of  0.17  cm2  sr.  The  SEEP  count¬ 
ing  rates  were  accumulated  during  successive  0.064-s  intervals. 

The  NOAA  6  satellite  is  three-axis  stabilized  in  a  800-  to 
830-km-altitude  polar  orbit,  which  is  phased  so  that  the  satel¬ 
lite  crosses  the  equator  northbound  at  a  subsatellite  local  time 
of  approximately  1930.  The  Space  Environment  Monitor 
(SEMI  on  this  spacecraft  includes  a  set  of  solid  state  detectors 
which  measure  the  intensity  of  electrons  and  ions  over  the 
energy  range  from  30  keV  to  >  1000  keV  (for  electrons)  and 
30  keV  to  >  2500  keV  (for  protons).  The  geometric  factor  of 
these  detectors  is  9.5  x  10' 3  cm2  sr  for  both  the  electron  and 
proton  detector  systems.  The  fields  of  view  are  ±  15°.  One  of 
the  electron  detector  systems  is  oriented  to  view  zenith,  the 
other  viewing  at  81°  to  the  zenith  in  a  plane  perpendicular  to 
the  orbit  plane.  The  latter  detector  measures  trapped  electrons 
at  most  locations  in  the  orbit.  Counting  rates  from  the  NOAA 
6  detectors  were  accumulated  with  a  50%  duty  cycle  for  1-s 
intervals;  there  was  a  multiplexing  of  data  between  the  zenith 
viewing  and  81°  detectors.  Therefore  the  observations  from  a 
single  detector  were  not  continuous  but  rather  1-s  samples 
available  every  other  second. 

In  each  of  the  electron  spectrometers  on  both  satellites 
some  counts  were  lost  from  scattering  of  electrons  in  the  en¬ 
trance  foil  and  the  sensor.  The  fractional  loss  of  counts  is 
dependent  upon  the  pitch  angle  distributions  and  the  energy 
spectra  of  the  electrons.  No  corrections  for  this  decrease  in 
detection  efficiency  were  made.  The  magnitude  of  the  effect  in 
terms  of  electron  flux  or  energy  deposition  rate  was  always 
less  than  a  factor  of  2,  and  its  inclusion  would  have  had  a 
relatively  small  effect  on  the  derived  rates  of  energy  deposition 
into  the  atmosphere  from  short-duration  bursts  in  comparison 
to  that  from  electrons  in  the  drift  loss  cone;  that  ratio  was 
about  10' 2.  The  recognition  of  coincidence  events  at  both 
satellites  and  the  derivation  of  the  spatial  extent  of  individual 
bursts  would  be  virtually  unaffected. 

Experimental  Results 

Previously,  a  study  was  made  of  the  energy  spectra  of  fast 
rise  events  observed  from  the  S81-1  spacecraft  [/m/to/  el  al., 
1986].  These  events  were  identified  by  requiring  that  the 
counting  rate  in  the  ME  I  spectrometer  increased  by  at  least  a 
factor  of  2  in  less  than  1  s  and  the  subsequent  decay  be  such 
that  the  flux  remained  high  for  no  longer  than  3  s.  Three 
examples  of  such  events,  as  observed  in  the  ME  I  and  (he  TE 
2  spectrometers,  are  shown  in  Figure  I.  Characteristics  of  the 
nightside  short-duration  bursts,  including  their  favored  oc¬ 
currence  at  certain  longitudes  in  the  northern  hemisphere,  in¬ 
dicate  that  they  are  predominantly  associated  with  lightning 
[Foss  el  al..  1984;  Imhof  el  al.,  1986]  In  the  initial  survey 
performed  for  L  -  2  3  a  total  of  222  bursts  were  found,  102  in 
the  daytime  and  1 20  at  night. 

Data  were  being  acquired  in  the  electron  spectrometers  on 
the  NOAA  6  spacecraft  at  the  times  when  most  of  the  bursts 
were  observed  from  the  S8I-I  spacecraft  Because  of  different 
orbital  parameters  there  was  considerable  variation  in  the 
relative  positions  of  the  two  satellites  at  the  times  when  short- 


duration  events  were  identified  in  the  S8I-1  data  For  that 
subset  of  events  observed  by  the  SEEP  payload  which  oc¬ 
curred  during  the  local  night  and  for  which  the  NOAA  6 
spacecraft  was  simultaneously  at  L  value'  between  2  and  3  la 
longitudinal  separation  between  the  spacecraft  of  about  45  ) 
there  were  no  coincident  bursts  observed  in  the  NOAA  6 
spectrometers  [Imhof  el  al..  1985]  The  lack  of  coincident 
bursts  under  these  selection  criteria  may  have  partly  reflected 
the  much  lower  sensitivity  of  the  NOAA  6  instruments  com¬ 
bined  with  the  initial  selection  of  events  that  were  strong  in 
the  SEEP  data  and  therefore  probably  centered  close  to  that 
spacecraft.  In  some  cases  the  negative  response  may  have  indi¬ 
cated  that  the  precipitation  event  did  not  occur  on  the  /,  shell 
locations  of  both  spacecraft  or  that  it  occurred  during  the 
alternate  1-s  off  period  of  the  NOAA  6  0  spectrometer 

This  paper  reports  the  results  of  a  study  which  includes 
short-duration  events  that  are  weaker  than  the  intense  ones 
selected  for  the  initial  study  of  the  S81-I  data  In  the  present 
investigation,  both  the  NOAA  6  and  the  SSI -I  data  were 
surveyed  for  any  statistically  significant  events  that  appeared 
in  the  nightside  data  when  both  spacecraft  were  in  the  range 
L  =  2.0-3. 5.  The  survey  of  S8I-I  data  was  limited  to  the  lon¬ 
gitude  interval  180  F.  to  360  E  and  to  the  northern  hemi¬ 
sphere.  since  far  fewer  nighttime  events  were  observed  in  the 
south  during  the  previous  study  [Imhof  et  al..  1986]  Simulta¬ 
neous  data  from  the  NOAA  6  satellite  were  taken  from  both 
hemispheres  at  longitudes  between  150  E  and  345  E  Linder 
these  conditions  a  total  coincident  observation  time  of  6064  s 
in  54  passes  of  each  satellite  was  examined.  On  44  of  these 
passes  the  NOAA  6  spacecraft  was  in  the  south,  leaving  10 
passes  in  the  north 

Initially,  counting  rate  versus  time  plots  from  the  zenith 
detectors  on  the  two  satellites  were  surveyed  at  times  for 
which  both  were  in  the  range  /.  =  2.0-3  5.  Events  were  select¬ 
ed  when  (I)  the  counting  rate  increased  in  a  time  of  about  2  s 
or  less  bv  at  least  4  standard  deviations  in  a  normal  error 
distribution  of  the  peak  rate  IS8I-I  data  I  or  2  65  standard 
deviations  of  the  peak  rate  (NOAA  6  datal  above  a  "back¬ 
ground"  rate  taken  from  I  536  s  1S8I-I1  or  6  s  (NOAA  61 
before  the  event.  12)  the  enhanced  counting  rate  was  al  least  10 
counts  s  and  did  not  persist  for  longer  than  3  s,  and  (31  the 
counting  rate  then  decreased  back  to  a  level  comparable  to 
that  present  before  the  event  It  was  required  that  the  "back¬ 
ground"  counting  rale  in  the  zenith  detectors  be  less  than  5(HK) 
counts/s  (S8I-I)  or  400  counts  s  (NOAA  61  to  avoid  identify¬ 
ing  as  events  small  fractional  increases  in  the  “background" 
rate  No  coincidence  events  between  the  two  satellites  were 
prevented  by  these  criteria  In  general,  the  statistical  uncer¬ 
tainties  did  not  permit  inclusion  in  the  selection  criteria  of  tine 
time  scale  variations  characteristic  of  strong  lightning-induced 
electron  precipitation  events  [Fuss  el  al.  1984)  Under  these 
conditions,  at  local  nighttime.  21  NOAA  6  events  and  76 
S8I  I  events  were  found  The  smaller  number  of  NOAA  6 
events  may  result  from  the  higher  altitude  and  lower  signal  to 
background  ratios  Tor  that  vehicle,  and  it  is  certainly  a  conse¬ 
quence  of  the  smaller  geometric  factor  or  50",,  duty  cycle  and 
hence  lower  sensitivity  of  that  instrument  I  he  lower  counting 
rates  also  led  to  the  need  for  a  lower  standard  deviation  cri¬ 
terion  for  the  NOAA  6  data  1  he  total  elapsed  times  for  which 
the  counting  rates  fell  within  acceptable  limits  for  events  were 
3990s  and  5961  s  in  the  NOAA  6  and  S8I-I  data,  respcctivelv 
Based  on  these  times  and  the  requirement  that  there  be  at 
least  two  samples  before  and  after  an  event,  the  number  of 
events  that  might  have  resulted  solely  from  statistical  van 
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Fig.  1.  Electron  tlux  >45  keV  versus  time  for  three  fast  rise  events  observed  at  90“  and  0"  zenith  angles  from  the  S81-I 

spacecraft. 


ations  of  the  counting  rate  is  calculated  to  be  approximately  7  Many  weaker  events  were  included  in  the  S8I-1  data  that 
in  the  NOAA  6  data  base  and  0.4  in  the  S81-1  data.  Of  the  21  were  not  considered  in  the  previous  study  of  fast  rise  events. 

NOAA  6  events  with  more  than  2.65  standard  deviations,  nine  The  inclusion  of  nighmme  events  with  smaller  llux  increases  is 

had  more  than  3.25  standard  deviations  and  four  had  more  illustrated  in  Figure  2.  Here  are  shown  the  distributions  in  the 
than  4.0  standard  deviations.  For  a  normal  distribution  with  factor  of  increase  in  counting  rale  during  each  event,  separate- 

21  cases  having  more  than  2.65  standard  deviations  the  ly  for  the  cases  studied  in  ihe  previous  invesligation  [Imhof 

number  of  cases  w  ith  more  than  3.25  and  more  than  4.0  stan-  ul  1986]  and  those  in  ihe  present  compilations  The  histogram 

dard  deviations  would  be  3  0  and  0.2,  respectively.  One  con-  labeled  "S81-I  events  (  *  2  criterion)"  refers  to  events  found  in 

eludes  that  many  of  the  NOAA  6  bursts  and  virtually  all  of  the  previous  survey,  where  it  was  required  that  the  counting 

the  S81-1  events  arc  real  and  not  merely  due  to  statistical  rate  in  the  ME  I  spectrometer  increase  by  at  least  a  factor  of  2. 

variations.  The  one  labeled  ‘‘S8I-I  evenls"  covers  the  bursts  found  in  the 


10°  10 '  H)‘ 


PEAK  FLUX/PRIOR  Fl.UX 

Fig  2  The  distributions  in  the  factor  increase  of  counting  rale  during  short-duration  bursts  from  survess  of  ihe  SMI  l 
data  wilh  two  dilfcrcnl  cruel  la.  ansi  I  he  survey  of  NOAA  b  data  Hie  label  "SH  I  •  I  events  t  s  J  srilcrionl"  refer  s  in  evenls 
found  in  ihe  previous  survey,  where  it  was  required  lhai  ihe  MF  I  counting  rale  ncreased  hv  at  leasi  a  l.uior  ol  .'  I  lu* 
label  "SKI- 1  I  vents"  covers  events  found  in  (he  recent  survey 
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Fig  3.  The  probability  of  (he  electron  intensity  in  a  short-duration  event  exceeding  a  given  intensity  plotted  as  a 
function  of  that  intensity.  The  net  precipitating  electron  fluxes  are  above  an  energy  threshold  of  45  keV  (S8I-1I  or  30  keV 
(NOAA  6).  The  SR  1-1  events  found  with  different  selection  criteria  are  plotted  separately  and  are  labeled  as  in  figure  3 
The  shapes  of  these  integral  event  probability  versus  electron  intently  curves  closely  follow  an  inverse  electron  llux  curve, 
although  there  is  a  tendency  for  the  distribution  to  flatten  for  very  low  intensity  events. 


recent  survey  using  the  criteria  presented  in  the  previous  para¬ 
graph.  By  including  weaker  bursts  it  is  now  possible  to  study 
over  a  broader  range  the  distributions  in  intensity  and  spec¬ 
trum  of  events  observed  from  both  the  S8I-I  and  the  NOAA  6 
spacecraft.  This  figure  shows  that  when  selecting  only  events 
in  which  the  flux  increased  by  at  least  a  factor  of  2  the  distri¬ 
bution  in  peak  flux/prior  flux  spanned  larger  values  than  when 
this  criterion  was  not  invoked. 

The  integral  distributions  in  the  net  increase  in  precipitating 
fluxes  of  electrons  above  45  keV  (the  S81-I  data)  or  above  30 
keV  (the  NOAA  6  measurements)  for  those  short-duration 
events  occurring  at  nighttime  are  shown  in  Figure  3.  In  the 
previous  survey  of  the  S8I-I  data,  labeled  “S8I-I  events  (  x  2 
criterion),"  for  the  selection  of  events  it  was  required  that  the 
counting  rate  increase  by  at  least  a  factor  of  approximately  2. 
In  the  present  survey,  labeled  "S81-I  events,"  it  was  only  nec¬ 
essary  that  the  counting  rate  increase  by  4  standard  devi¬ 
ations  As  one  might  expect,  the  distribution  in  net  flux  in¬ 
creases  tends  to  favor  larger  values  with  the  more  demanding 
selection  criteria  Each  of  the  distributions  has  been  normal¬ 
ized  by  dividing  the  number  of  events  by  the  number  of 
passes  In  the  previous  study  of  short-duration  bursts  using 
the  S8I-1  observations  [ Imhof  el  al  .  1986]  the  primary  in¬ 
terest  was  in  the  electron  energy  spectra,  specifically  the  pres¬ 
ence  or  absence  of  /.-dependent  peaks,  the  energies  of  the 
peaks  when  they  appeared,  and  the  comparisons  with  the 
peaks  observed  in  the  drift  loss  cone  Here  we  are  concerned 
with  other  factors  the  spatial  extents  of  the  hursts  and  the 
frequency  of  occurrence  as  a  function  of  the  absolute  electron 


flux  of  the  events.  Previously,  only  rather  strong  bursts  were 
selected  from  S8I-1  observations  taken  over  both  the  northern 
and  southern  hemispheres  and  at  all  longitudes  In  the  present 
study,  all  statistically  significant  events  were  selected  from  the 
SSI -I  data,  but  only  when  the  satellite  was  in  the  northern 
hemisphere  at  longitudes  between  180  F.  and  360  F  Between 
the  previous  and  present  surveys  the  rates  of  occurrence  of  the 
stronger  events  in  the  S8I-I  data  are  not  inconsistent,  al¬ 
though  in  the  latter  case  the  total  time  sampled  was  much 
smaller  and  the  statistical  uncertainties  larger 

Because  of  the  much  smaller  geometric  factor  of  the  NOA  A 
6  instruments  one  might  expect  to  measure  fewer  events  from 
that  satellite  However,  the  upper  ends  of  the  flux  distributions 
should  be  comparable  between  NOAA  6  and  S8I-1  when 
proper  account  is  taken  of  the  differing  geographical  positions 
and  altitudes  of  sampling  from  the  two  satellites  Oitlcrenccs 
in  the  flux  observed  at  the  two  satellites  will  result  from  sig 
nificant  differences  in  the  equatorial  pitch  angles  of  the  elec 
trons  being  sensed  bv  the  zenith  viewing  detectors  I  or  the 
satellite  passes  considered  here,  fluxes  observed  hv  NOW  6 
during  an  event  are  expected  to  be  higher  than  those  seen  hv 
S8I-I  This  difference  is  due  to  the  fact  that  NOW  6  at  a 
higher  altitude  views  electrons  with  larger  equatorial  pilch 
angles  Additional  differences  in  the  responses  of  NOA  A  6  and 
S81-I  to  the  same  event  mav  occur  because  the  two  satellites 
were  often  in  opposite  hemispheres 

for  various  investigations,  including  i.ilculnlions  ■<!  the 
total  precipitation  rates  of  electrons  ussouated  with  show 
duration  bursts,  it  is  necessary  to  consider  the  idaiion-lup 
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Fig.  4  Plot  of  dN  jy  versus  F,  where  N  is  the  number  of  events  per  pass  and  F  is  the  net  precipitating  flu*  The  nei 
precipitating  electron  fluxes  are  above  an  energy  threshold  of  45  keV  IS8I-I)  or  JO  keV  (NOAA  6)  The  two  classes  of 
S8I-I  events  are  labeled  as  in  Figure  2  The  distributions  are  shown  only  for  the  larger  events  to  exclude  effects  associated 
with  the  threshold  criteria  for  classifying  events.  The  ordinate  for  the  S8I-I  events  with  a  factor  of  2  criterion  is  arbitrarily 
normalized  Least  squares  lit  power  law  distributions  arc  also  shown 


between  the  frequency  of  occurrence  of  events  of  a  given  inten¬ 
sity  and  the  electron  intensity.  These  data  are  shown  in  Figure 
4  together  with  least  squares  fit  slopes  to  the  distributions  for 
all  of  the  measured  values  in  the  interval  L  =  2  0-3  5  The 
ordinate  is  JN/JF,  where  /V  is  the  number  of  events  per  pass 
and  F  is  the  net  precipitating  flux.  The  ordinate  for  the  S8I-1 
events  with  a  factor  of  2  criterion,  previous  survey,  is  arbi¬ 
trarily  normalized.  Points  are  only  shown  for  the  larger  events 
to  exclude  effects  associated  with  the  threshold  criteria  for 
classifying  events.  The  fits  are  close  to  an  inverse  square  re¬ 
lationship  for  all  three  sets  of  data  points.  This  relationship 
also  holds  for  the  low  as  well  as  for  the  high  L  shell  portions 
of  the  interval  With  (he  number  of  events  per  unit  electron 
flux  interval  inversely  proportional  to  (he  square  of  the  flux, 
the  energy  input  to  the  atmosphere  per  unit  flux  becomes 
inversely  proportional  to  the  flux  The  upper  limit  to  the  elec¬ 
tron  flux  clearly  cannot  exceed  the  maximum  equatorial  fluxes 
observed  in  other  experiments  over  the  L  shell  range  of  in¬ 
terest,  nor  can  it  exceed  the  average  trapped  fluxes  observed  in 
the  present  measurements.  Therefore  the  best  Hi  power  law 


dependences  between  the  event  occurrence  frequency  and  the 
event  flux  cannot  be  integrated  over  all  fluxes  without  special 
consideration  at  both  very  low  and  very  high  fluxes 

The  ratios  between  the  electron  flux  at  energies  of  >  100 
keV  and  >  45  keV  (  >  30  keV  for  the  NOAA  b  data)  for  all  Ihe 
nighttime  burst  observed  by  the  two  satellites  are  plotted  in 
Figure  5  as  a  function  of  the  flux  of  >45  keV  electrons  (or 
>30  keV  for  NOA  A  6)  The  two  classes  of  SSI  I  events  are 
labeled  the  same  as  in  the  previous  flgures  I  his  plot  shows 
considerable  scatter,  and  there  is  no  evidence  for  a  significant 
dependence  of  spectral  hardness  upon  electron  flux  I  his  find¬ 
ing  is  consisfenl  with  lhal  expected  for  wave-particle  interac¬ 
tions  involving  whistlers  having  a  given  frequency  distribution 
independent  of  wave  intensity 

The  ratio  between  the  net  increase  in  the  precipitating  elec 
iron  flux  and  Ihe  flux  of  locally  trapped  electrons  at  the  peak 
of  the  eveni  for  these  nighttime  events  is  plotted  in  figure  b  as 
a  function  of  the  net  increase  of  precipitaling  fluxes  | at  ener 
gies  of  >45  keV  for  the  SSI  1  cases  and  -  'll  keV  for  the 
NOAA  h  cases)  The  value  of  the  locally  trapped  fluxes  at  the 
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Fig  5  The  hardness  of  ihe  prccipiialing  electron  energy  spectrum,  expressed  as  the  ratio  of  the  net  precipitating 
electron  flu*  at  energies  above  KX)  keV  to  that  at  energies  above  45  keV  (for  S8I-I)  or  JO  keV  (for  NOAA  bl  plotted  as  a 
function  of  Ihe  peak  electron  intensity  within  an  event  The  two  classes  of  SSI- 1  events  are  labeled  as  in  Figure  2  There  is 
no  systematic  relationship  between  the  spectral  hardness  and  the  event  intensity 


peak  of  an  event  is  used  in  preference  to  the  net  increase, 
because  the  fractional  increase  in  trapped  fluxes  is  generally 
very  small  during  an  event  One  concludes  from  this  plot  that 
for  the  identifiable  bursts  the  degree  to  which  the  loss  cone  is 
filled  during  a  short-duration  event  is  not  strongly  dependent 
upon  the  intensity  of  precipitating  flux  at  energies  above  45 
keV  (JO  keV  for  the  NOAA  6  events! 

In  order  to  obtain  a  measure  of  the  spatial  extents  of  the 
events  we  considered  those  that  were  observed  simultaneously 
from  both  the  S8I-I  and  the  NOAA  6  spacecraft  An  example 
of  a  good  coincident  event  is  shown  in  Figure  7.  Within  less 
than  I  s  a  short-duration  burst  was  observed  in  both  xenith- 
oriented  instruments  At  this  time  the  spacecraft  were  on  com¬ 
parable  L  shells  and  separated  by  42"  geographic  longitude, 
with  both  in  the  northern  hemisphere 

There  were  a  total  of  five  instances  when  an  event  was 
observed  simultaneously,  to  within  12  s,  by  the  two  space¬ 
craft  For  each  of  the  NOAA  6  bursts  the  time  differences 
between  the  NOAA  b  and  SSI- 1  nighttime  events  are  shown 
in  histogram  form  in  F  igure  8  For  eight  NOAA  b  events,  no 
bursts  were  observed  on  S8I-I.  and  yet  for  these  events  both 
spacecraft  were  in  the  range  /.  -  2  J  5  for  a  time  interval  of  at 
least  18  s  before  and  jfter  the  NOAA  b  burst  These  cases  are 
not  included  in  the  histogram  Five  coincident  events  arc  si¬ 


multaneous  within  +  I  2  s  It  should  also  be  noted  that  there 
is  a  concentration  of  events  at  near  coincidence  Ihe  favored 
occurrence  of  bursts  at  close  times  but  not  in  coincidence  may 
reflect  electron  precipitation  associated  with  ditferent  lightning 
strokes  at  nearby  times  from  the  same  storm  Based  upon  the 
frequency  of  events  observed  by  the  two  spacecraft  and  the 
total  simultaneous  observation  time  of  b094  s.  the  number  of 
accidental  coincidences  to  within  +  I  2  s  is  calculated  to  he 
0b  Therefore  most  of  Ihe  events  observed  simultaneously  bv 
both  spacecraft  are  true  coincidences  rather  than  random 
Although  the  number  of  NOAA  b  events  is  limited,  the  data 
base  permits  one  to  estimate  the  lower  limit  of  the  extent  of 
short-duration  bursts  The  differences  in  geographic  longitude 
and  invariant  latitude  between  the  location  of  SHI  I  and 
NOAA  b  at  Ihe  instant  that  an  event  was  observed  bv  NOAA 
b  or  by  both  of  the  satellites  are  shown  in  Figure  4.  the  solid 
circles  being  those  nighttime  events  th.it  were  lOinculent 
within  F  I  2  s  at  bolh  satellites  Other  points  are  indicated  b\ 
open  circles  Fach  of  the  NOA  A  tv  events  is  represented  bv  the 
positions  of  the  two  spacecraft  at  that  time  Since  all  of  the 
SSI -I  events  were  selected  to  he  in  the  northern  hemisphere, 
the  longitude  dilferences  are  based  upon  Ihe  NO  V  A  <>  location 
if  that  satellite  was  in  t he  north  or  based  upon  the  magnetic 
conpigate  to  NOAA  b  if  (hat  satellite  w.is  in  the  south  I  lie 
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Fig  6.  A  measure  of  the  electron  pilch  angle  distribution,  expressed  as  the  ratio  between  the  net  precipitating  fluxes  at 
energies  above  45  keV  (for  S8I-1)  or  30  keV  (for  NOAA  6)  and  the  locally  trapped  fluxes  at  the  peak  of  the  event,  plotted 
as  a  function  of  the  net  precipitating  fluxes  during  an  event.  The  two  classes  of  S8I-I  events  are  labeled  as  in  Figure  2 
There  is  no  systematic  relationship  between  this  intensity  ratio  and  the  intensity  of  the  event 


preferred  negative  sign  for  the  invariant  latitude  differences 
may  reflect  the  known  cutoflT  in  whistler  activity  at  L  values 
below  approximately  2,  but  it  may  also  be  merely  a  statistical 
variation  in  view  of  the  small  number  of  coincidence  events. 
From  Figure  d  one  concludes  that  individual  events  can 
extend  in  longitude  over  as  much  as  43  and  in  invariant 
latitude  over  as  much  as  5  . 

For  each  of  the  five  events  which  were  observed  in  coin¬ 
cidence  by  the  two  satellites  the  energy  fluxes  into  the  atmo¬ 
sphere  were  calculated  using  the  observed  energy  spectra  and 
pitch  angle  distributions  of  the  precipitating  electrons.  The 
energy  spectra  were  measured  by  both  spacecraft  with  ade¬ 
quate  resolution  for  this  purpose  The  pitch  angle  distributions 
were  obtained  with  only  coarse  angular  resolution,  so  it  was 
not  possible  to  include  the  contributions  from  electrons  at  the 
edge  of  the  bounce  loss  cone  in  this  calculation,  as  was  done 
previously  for  electrons  in  the  drift  loss  cone  [Games  et  a/., 
1986]  For  the  S8I-I  data,  use  was  made  of  the  electron 
measurements  at  three  dtll'erenl  zenith  angles  (0°,  50°,  and  90") 
to  construct  a  pitch  angle  distribution.  The  81°  detector  on  the 
NOAA  6  satellite  generally  measured  trapped  electrons  and 
showed  no  clear  response  to  a  burst  event,  because  the 
trapped  electron  intensities  were  relatively  high.  Hence  the 
shape  of  the  electron  pitch  angle  distribution  was  taken  to  be 
identical  to  that  of  S8I-I  during  the  same  coincident  event. 
The  calculated  energy  depositions  obtained  from  the  measure¬ 
ments  on  each  of  the  spacecraft  during  the  live  coincident 
events  are  summarized  in  Table  I  Some  uncertainty  in  this 
tabulation  results  from  the  on-olf  cycling  of  the  NOAA  6 


Discussion 


instruments 


The  measurements  presented  here  provide  a  basis  for  deriv¬ 
ing  the  total  loss  rale  of  electrons  from  the  radiation  belts  by 
short-duration  bursts.  The  energy  inputs  to  the  atmosphere 
can  be  calculated,  from  which  the  associated  riometer  absorp¬ 
tion  and  the  effects  on  radio  wave  propagation  can  be  esti¬ 
mated.  However,  the  absorption  elTects  detected  by  riometers 
would  be  relatively  weak  and  not  evident  in  available  data 
The  energy  deposition  rales  into  the  atmosphere  from  short- 
duration  electron  bursts  have  been  calculated  based  on  the 
observed  distributions  in  flux,  and  for  a  representative  pitch 
angle  distribution  and  energy  spectrum  The  latter  were  taken 
from  the  measurements  on  day  291  at  10.080  s. 

In  order  to  be  observed  by  the  S8I-I  spacecraft  at  altitudes 
of  170-280  km,  electrons  must  have  suflered  a  pilch  angle 
scatter  within  one  bounce  period,  which  would  range  between 
a  change  of  very  nearly  0  to  more  than  I  in  the  equatorial 
plane,  depending  upon  the  longitude  of  the  observation.  The 
S8I-I  data  thereby  included  cases  where  observed  electrons 
had  undergone  a  very  small  scatter  in  pitch  angle.  Such  a 
perturbation  would  appear  to  resemble  the  small  angle  scat¬ 
terings  that  cause  electrons  to  populate  the  drift  loss  cone 
However,  at  locations  where  a  pilch  angle  scatter  of  nearly  0 
is  sufficient  to  place  an  electron  into  the  loss  cone  the  back¬ 
ground  count  rates  are  very  high,  and  so  only  very  strong 
burst  events  can  be  observed,  and  the  contribution  of  very  low 
intensity  events  to  the  precipitation  cannot  be  evaluated  For 
this  reason  the  frequency  of  occurrence  of  weak  events  and 
their  relative  importance  to  strong  bursts  events  is  beyond  the 
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S«1-t  IN  NORTH,  NOA A  6  IN  NORTH 
OCTOBER  U.  1 982  (DAY  291)  LOCAL  NIGHT 
Ci  LONG  =  92°  ZENITH 


10065  10075  1 0085  10095 

UT  (5) 

Fig  1  An  example  of  a  coincident  event  observed  in  both  the 
SKI-1  and  the  NOAA  6  zenith  instruments  The  SKI-1  points  repre¬ 
sent  average  counts  per  second  in  successive  I -s  intervals,  and  these 
are  interconnected  by  solid  lines  to  indicate  continuous  coverage  The 
NOAA  A  points  represent  the  counts  recorded  in  alternate  l-s  inter¬ 
vals  and  are  interconnected  by  dashed  lines  to  represent  the  50% 
duty  cycle  for  data  coverage 

scope  of  the  current  observations  For  the  bursts  observed 
from  the  NOAA  6  spacecraft  at  altitudes  of  800-830  km  the 
required  pitchWngle  scatterings  were  quite  small  The  S8l-i 
events  were  subdivided  into  different  intervals  for  the  equa¬ 
torial  pitch  angle  corresponding  to  the  satellite  position  minus 
that  at  lot)  km  altitude  in  the  coniugate  hemisphere  For  each 
of  these  groups  of  data  the  number  of  events  above  a  given 
flux  was  found  to  be  approximately  inversely  proportional  to 
the  ft.  s  as  was  the  frequency  of  occurrence  of  bursts,  a I- 
tho^vf.  the  statistical  sample  sizes  of  the  groups  were  quite 


Precipitation  Bursts 

limited.  This  analysis  indicated  that  the  frequency  of  oc¬ 
currence  versus  flux  curve  is  not  strongly  dependent  upon  the 
minimum  pitch  angle  scattering  required  for  observation  of  an 
event.  A  careful  assessment  of  the  contributions  from  pitch 
angle  scatterings  of  various  magnitudes  is  not  undertaken 
here,  but  the  data  suggest  that  the  results  of  calculations  of 
energy  deposition  into  the  atmosphere  from  burst  events  may 
not  be  altered  in  a  major  way  by  the  inclusion  of  small  angle 
scatterings. 

From  the  S8I-I  bursts  the  average  rate  of  deposition  of 
energy  into  the  northern  nightside  atmosphere  in  the  period 
June-December  1982  at  a  local  time  of  ^  2230  and  over  the 
longitude  range  I80“E  to  360JE  was  found  to  be  about  6 
x  10" 4  ergs/cm2  s.  In  the  southern  hemisphere  the  average 
rate  as  measured  from  the  NOAA  6  spacecraft  was  found  to 
be  about  1.5  x  10' 5  ergs<cm2  s.  The  latter  energy  deposition 
rate  is  small  in  comparison  to  the  worldwide  average  of  10' 5 
ergs/cm2  s  at  L  =  2.5  in  the  southern  hemisphere  from  precipi¬ 
tating  electrons  [Imhof  et  ill.,  1986],  However,  on  the  basis  of 
the  data  presented  here  alone  we  cannot  discount  a  major 
contribution  from  weak  precipitation  bursts  to  populating 
those  electrons  in  the  drift  loss  cone  which  ultimately  precipi¬ 
tate  into  the  atmosphere  Accurate  estimates  of  this  contri¬ 
bution  arc  difficult  to  make,  since  extrapolation  of  the  data 
presented  here  to  weak  bursts  involves  many  unknowns,  in¬ 
cluding  the  pitch  angle  distributions  of  very  weak  events  In 
central  Europe,  thunderstorms  are  known  to  occur  more  often 
in  the  early  afternoon  hours  by  perhaps  a  factor  of  5  [Israel. 
1973]  than  during  the  S8I-I  nighttime  observations  at  2230 
Nonetheless,  such  a  local  time  variation  is  small  in  compari¬ 
son  to  the  aforementioned  differences  of  a  factor  of  It)2.  If  the 
l/flux2  relationship  in  Figure  4  holds  true  over  a  much  wider 
flux  range  than  shown,  in  addition  to  the  number  of  bursts  per 
second  being  higher,  the  total  energy  input  to  the  atmosphere 
could  be  significantly  greater.  With  a  I  flux2  dependence  for 
the  number  of  events  per  unit  flux  the  number  times  the  flux 
of  bursts  varies  as  I  flux,  and  the  integral  flux  above  a  given 
level  varies  logarithmically.  The  number  of  events  times  their 
flux  can  at  most  approach  the  observed  average  fluxes  It  is 
possible  that  the  rather  steady  input  to  the  atmosphere  from 
electrons  in  the  drift  loss  cone  could  result  primarily  from 
many  weak  precipitation  bursts,  but  the  data  presented  here 
do  not  extend  to  such  events. 

To  obtain  the  average  total  rates  of  energy  input  to  the 
atmosphere  from  short-duration  bursts,  it  is  not  necessary  to 
know  the  area  of  precipitation  during  each  individual  event, 
but  one  need  only  measure  the  average  inputs  to  the  atmo¬ 
sphere  at  positions  of  interest.  However,  for  studies  of  the 


DISTRIBUTION  OF  NOAA  6/S81  1  TIME  DIFFERENCES 

IS.  ..  .  -  -  - - — . — - - 


0  10  20  )0  SO  SO  60  70  80  °0  100  110 

M  tv) 

F  t|c  H  integral  distribution  of  the  time  differences  between  events  observed  from  the  N( )  \A  b  and  the  SS I  1  v.iiclhtcs 

-194- 


rV 

elV 

as 

ITT 

f-  ; 

nu 

In- 


.A* ^  m  ■  >  •_*  <  >  •_>  • 


.N  .*■  A  A  %’ 


ijffi  of  oc- 
fwion  (he 
on  of  an 
I  >m  pitch 
Krtaken 
JQnons  of 
:nls  may 
^11  angle 

SK'tion  of 
e  period 
<^|ver  the 
ffbout  6 
."average 
bund  to 
irsaosition 
10  1 
1  dprecipi- 
basis  of 
IV  major 
•jiulaling 
precipi- 
.  contri- 
Khe  data 
twins.  in¬ 
cuts  In 
>rc  often 
Israel, 
2230. 
onipari- 
y.  If  the 
Mi  wider 
Hrsts  per 
msphere 
.-vice  for 
*/£‘he  flux 
h-a  given 
tvs  their 
Bs.  It 
We  from 
1  ry  from 
led  here 

“»>  to  the 
ssary  to 
tl  event, 
P  atmo- 
jJJj  of  the 


Imhof  et  al..  Electron  Pre<  ipitahon  Bursts 


(NOAA  6)  -  (SSI- 1) 

•  COINCIDENCE  POINTS 
O  OTHER  POINTS 


A  LONGITUDE 


Eig  9.  The  longitude  and  invariant  latitude  differences  belween  the  S81-I  and  the  NOAA  6  positions  for  coincident 
events  and  for  cases  in  which  a  hurst  was  not  observed  in  the  S81-I  data  Each  of  the  NOAA  6  events  is  represented  by  the 
positions  of  the  two  spacecraft  at  the  lime  of  the  event. 


physics  of  the  precipitation  phenomena  and  of  the  effects  of 
electron  precipitation  events  on  radio  wave  propagation,  such 
as  in  the  Trimpi  effect  [ Carpenter  et  al.,  1984]  it  is  necessary 
to  know  the  spatial  extent  of  individual  precipitation  events. 
Fewer  electron  precipitation  bursts  that  are  very  widespread 
may  have  a  larger  impact  on  subtonospheric  wave  propaga¬ 
tion  than  would  more  bursts  that  are  very  localized  but  with 
the  same  total  energy  input  to  the  atmosphere.  The  two- 
satellite  measurements  presented  here  are  useful  for  such  stud¬ 


ies,  but  clearly,  better  statistics  and  more  detailed  measure¬ 
ments  of  the  extent  separately  in  longitude  and  L  shell  are 
needed.  A  two-position  measurement  leaves  partially  unan¬ 
swered  both  the  spatial  extent  and  the  intensity  profile  of  the 
precipitation  during  individual  events. 

Information  on  the  spatial  extents  of  individual  precipi¬ 
tation  events  can  be  obtained  Irom  detailed  analysis  of  Trimpi 
events  ( Carpenter  et  al.,  1984],  A  more  straightforward  ap¬ 
proach  would  be  through  use  of  remote  imaging  techniques 
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such  as  bremsstrahlung  X  ray  mappings  performed  from  a 
satellite.  The  latter  technique  has  been  repeatedly  demon¬ 
strated  for  high-latitude  phenomena  [Imhof  et  al.,  1974: 
Mizera  et  al 1978;  Coss  et  al.,  1983].  but  burst  events  in  the 
slot  region  are  relatively  weak  compared  to  auroral  fluxes. 
However,  the  rapid  rise  and  short  duration  of  burst  precipi¬ 
tation  events  can  be  used  to  aid  discrimination  against  back¬ 
ground,  and  it  should  be  possible  tQ  map  the  precipitation 
region  with  this  technique. 
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